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1
2P a g e  9 7 ,  l i n e  3 ,  “ ...a n  e r r o r  o f  ±  5  k e V  a n d .. .”
P a g e  1 3 6 ,  S e c t .  6.6, l i n e  6, “ ... in  178H f  w it h  a  h a lf - l if e  o f  3 1  y e a r s  [ 6] . . .n 
P a g e  1 4 1 ,  l i n e  9 ,  “ . ..d is c u s s e d  p r e v io u s ly  [ 0 £ ,1 3 6 ,1 3 7 ]. ..”
P a g e  1 4 7 ,  F i g u r e  7 . 1 ,  194R e  is  a ls o  a  c a n d id a t e  is o m e r .
A b s t r a c t
P r e v io u s ly  u n o b s e rv e d  is o m e r ic  s t a t e s  in  188T a , 190W ,  192R e , 193R e , 195O s, 197I r ,  
i 98I r ,  200P t ,  201 P t ,  202P t  a n d  203A u ,  w it h  h a lf- l iv e s  r a n g in g  f r o m  1 0  n s  to  2 9 0  ps  
h a v e  b e e n  p o p u la t e d  a n d  s t u d ie d  u s in g  a  f ra g m e n t a t io n  r e a c t io n  in  c o n ju n c t io n  
w it h  a  fo rw a r d  fo c u s s in g  s p e c t ro m e t e r.  I n  m o s t  case s, t h is  p r o v id e d  th e  f ir s t  e v e r  
s p e c t r o s c o p ic  d a t a  m a d e  a v a ila b le  fo r  th e  n u c le u s , a n d  200P t  p re s e n te d  th e  f irs t  
n e w  s e n io r it y  4 sta te , o n  th e  b a s is  o f  7-7 c o in c id e n c e s , fo llo w in g  a  fra g m e n t a t io n  
re a c t io n .
H a lf - l iv e s  h a v e  b e e n  m e a s u re d  a n d  te n t a t iv e  le v e l sc h e m e s h a v e  b e e n  d ra w n  fo r  
e a c h  is o m e r, s p in s  a n d  p a r it ie s  b e in g  c o n s is te n t  w it h  b lo c k e d  B C S  c a lc u la t io n s ,  
h in d r a n c e  fa c t o rs ,  s y s t e m a t ic s  a n d  th e  r e la t iv e  in t e n s it ie s  o f  7- r a y s  a n d  X - r a y s  
(w h e re  p o s s ib le ).  Is o m e r ic  r a t io s  h a v e  b e e n  m e a s u re d , v a lu e s  r a n g in g  fro m  1 %  
to  6 4  % .
P o t e n t ia l  E n e r g y  S u rfa c e  c a lc u la t io n s  w e re  p e rfo rm e d  in  p a r a l le l  to  th e  b lo c k e d  
B C S  c a lc u la t io n s ,  in  o r d e r  to  p r o v id e  d e fo rm a t io n  p a ra m e te rs ,  e x c it a t io n  e n e rg ie s  
a n d  q u a s ip a r t ic le  c o n f ig u ra t io n s .  G r o u n d  s t a t e  (o r  lo w e st le v e l)  s h a p e  c a lc u la ­
t io n s  re v e a l a  c h a n g e  fro m  a x ia l ly  s y m m e t r ic ,  th ro u g h  t r ia x ia l,  to  s p h e r ic a l s h a p e s  
a c ro s s  th e  d a t a  set, fro m  188T a  to  203A u ,  as 208P b  is  a p p ro a c h e d . W e is s k o p f  h in ­
d ra n c e  fa c t o rs  p r o v id e  e v id e n c e  fo r  th e  e ro s io n  o f  th e  g o o d n e s s  o f  th e  A - q u a n t u m  
n u m b e r, c o m p a t ib le  w it h  so ft o r  a x ia l ly  s y m m e t r ic  sh a p e s . T h e  p r o la t e -o b la t e  
p h a s e  t r a n s it io n  re g io n , w it h  re s p e c t  to  tu n g s te n , o s m iu m  a n d  p la t in u m ,  s h o w s  
195O s  to  b e  th e  p iv o t a l n u c le u s  in  th e  o s m iu m  is o t o p ic  c h a in , w it h  a  c a lc u la t e d  
t r ia x i a l  g r o u n d  sta te . O n  c o m p a r is o n  w it h  th e  s y s t e m a t ic s  o f  th e  re g io n , r e s u lt s  
o b t a in e d  fo r  190W  sh o w  e v id e n c e  fo r  a  Z  <  7 4  s u b -s h e ll c lo s u re , a n a lo g o u s  to  
t h a t  a t  Z  =  64.
F in a lly ,  n e w  is o to p e s , 167T b ,  170D y  a n d  199I r  w e re  d is c o v e re d .
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C h a p t e r  1
I n t r o d u c t i o n
T h e  m e t a s t a b le  s t a t e  o f  th e  n u c lid e  te c h n e c iu m -9 9 , 99mT c  is  r o u t in e ly  u s e d  to  
im a g e  b r a in ,  h e a rt , liv e r,  t h y ro id ,  k id n e y  a n d  lu n g  fu n c t io n ;  to  d e te c t  b o n e  c a n ­
c e rs  a n d  to  m o n it o r  r e g io n a l c e r e b r a l b lo o d  flo w  in  th e  d ia g n o s is  o f  A lz h e im e r ’s 
d e m e n t ia . O n  in je c t io n  o r  in g e s t io n , th e  m e t a s t a b le  is o t o p e  a t t a c h e s  it s e lf  to  th e  
re le v a n t  t is s u e s  w h ils t  d e c a y in g  v i a  a  1 4 3  k e V  7- r a y  t r a n s it io n ,  w h ic h  is  d e te c te d  
b y  a  s c a n n e r  s u r r o u n d in g  th e  p a t ie n t . A  s p a t ia l  im a g e  is  p r o d u c e d ,  d e m o n ­
s t r a t in g  th e  t a rg e t  a re a s  o f  th e  r a d io is o t o p e  a n d  in d ic a t in g  th e  m e t a b o lis m  o f  
th e  t e c h n e c iu m  t h ro u g h  th e  o rg a n , t h e re b y  h ig h lig h t in g  a n y  a b n o r m a lit ie s .  T h e  
m e t a s t a b le  s t a te  h a s  a  h a lf - l if e  o f  6 h o u rs ,  so  th e  p a t ie n t  c a n  b e  d ia g n o s e d  w it h o u t  
b e in g  in te rn e d , n o  p r o lo n g e d  p e r io d  o f  is o la t io n  is  n e c e ssa ry , a n d  i f  th e  im p a r t e d  
d o se  is  m in im u m  (a s  is  o fte n  th e  c a s e ) c a n  e v e n  go  h o m e  o n  th e  b u s , w it h  n o  
a d v e rs e  h e a lt h  im p lic a t io n s  to  th e  p u b lic  a t  la rg e .
W h ils t  th e  s u b je c t  o f  t h is  th e s is  is  fa r-re m o v e d  fro m  a n y t h in g  o f  a  m e d ic a l  
n a t u re ,  th e  e x a m p le  o f  99mT c  i l lu s t r a t e s  h o w  u s e fu l a  n u c le u s  c a n  b e  i f  it s  p r o p ­
e rt ie s  a re  k n o w n  a n d  h a rn e s s e d . M e t a s t a b ilit y ,  th e  o c c u r r e n c e  o f  a  n u c le a r  s t a t e  
t h a t  h a s  a p p a re n t  e q u ilib r iu m ,  b u t  is  c a p a b le  o f  c h a n g in g  to  a  m o re  s t a b le  sta te ,  
h a s  v a lu a b le  im p lic a t io n s .  A p a r t  f ro m  t h e ir  a p p lic a t io n s  in  n u c le a r  m e d ic in e ,  
m e t a s t a b le  s t a te s  o r  isom ers  a re  a ls o  p o t e n t ia lly  p o w e rfu l s o u rc e s  o f  e n e rg y  [1]. 
I n  th e  m o re  im m e d ia t e  sen se, t h e ir  a p p lic a t io n s  w it h in  p u r e  p h y s ic s  re s e a rc h  a re
1
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o f  g re a t  v a lu e , p r im a r i ly  b e c a u s e  t h e y  f a c il it a t e  th e  o b s e rv a t io n  o f  t h e  f irs t  7- r a y  
in fo r m a t io n  fo r  a  s p e c t r o s c o p ic a lly  v ir g in a l  n u c le u s . T h i s  a ls o  m a k e s  t h e m  u s e fu l  
f o r  e m p ir ic a l ly  v a lid a t in g  n u c le a r  th e o ry , w h ic h  in  it s e lf  c a n  o n ly  b e  e x t r a p o la t e d  
f ro m  w h a t  is  k n o w n  a b o u t  p r e v io u s ly  o b s e rv e d  n u c le i a n d  t h e ir  sta te s.
I n it ia l ly ,  h e a v y  io n  f ra g m e n t a t io n  re a c t io n s  a llo w e d  th e  p r o d u c t io n  o f  th e  
g r o u n d  s t a te s  o f  m a n y  e x o t ic  n u c le i a t  th e  p r o t o n  d r ip - lin e .  F o r  a  lo n g  tim e ,  
th e  o n ly  e x c it e d  s t a t e s  a c c e s s ib le  t h ro u g h  fra g m e n t a t io n  o r f is s io n  o f  r e la t iv is t ic  
p r o je c t i le s  w e re  th o s e  p o p u la t e d  t h r o u g h  /3-decay. T h e  c o r r e la t io n  b e tw e e n  r e c o il  
io n s  a n d  m ic ro s e c o n d  d e la y e d  r a d ia t io n  a s  a  m e t h o d  to  s e a rc h  fo r  is o m e rs  w a s  
p io n e e re d  in  th e  la t e  1 9 6 0 s u s in g  th e  J i i l i c h  g a s f ille d  f is s io n  p r o d u c t  s e p a r a t o r  
[2], a lt h o u g h  th e  ra n g e  o f  is o t o p e s  t h a t  c o u ld  b e  s t u d ie d  w a s  lim it e d .
W e  n o w  c a p it a lis e  o n  a  m e t h o d  w h ic h  g r e a t ly  e n h a n c e s  o u r  c a p a b ilit e s  o f  in ­
v e s t ig a t in g  th e  lo w - ly in g  e x c it e d  s t a te s  o f  e x o tic  n u c le i p r o d u c e d  in  h e a v y -io n  
f ra g m e n t a t io n . T h i s  m e t h o d  is  b a s e d  o n  th e  o b s e rv a t io n  o f  7- r a d ia t io n  fo llo w in g  
is o m e r  d e c a y  w it h in  a  m ic ro s e c o n d  t im e -r a n g e  a fte r im p la n t a t io n  o f  n u c le i,  se ­
le c t e d  b y  m e a n s  o f  a  m a g n e t ic  s p e c t ro m e t e r.  T h e  o b t a in e d  7- r a y  s p e c t r a  a re  p r a c ­
t ic a l l y  fre e  o f  b a c k g r o u n d  a n d  m a n y  n u c le i c a n  b e  s t u d ie d  s im u lt a n e o u s ly  w it h  
o n e  s p e c t r o m e t e r  s e t t in g . T h i s  m e t h o d  h a s  p r e v io u s ly  b e e n  a p p lie d  s u c c e s s f u lly  
f o r  in v e s t ig a t io n s  o f  m e d iu m  m a s s  n u c le i a t  G A N I L  [3] a n d  h e a vy , n e u t r o n - r ic h  
n u c le i a t  G S I  [4].
W e  a re  c o n c e rn e d  in  t h is  w o r k  w it h  th e  A  ~  19 0 re g io n  o f  th e  n u c lid e  c h a rt ,  
a n  a re a  w h ic h  u n t i l  r e c e n t ly  h a d  r e m a in e d  la r g e ly  u n e x p lo r e d  t h r o u g h  th e  w a n t o f  
n u c le a r  e x p e r im e n t a l e x p e rtis e ,  a lt h o u g h  t h e o ris ts  h a v e  b e e n  p r e d ic t in g  a  p r o l if ­
e r a t io n  o f  m e t a s t a b le  o r  is o m e r ic  s t a t e s  in  t h is  t e rr it o r y ,  s in c e  1 9 7 8  [5]. A d v a n c e s  
in  th e  d e v e lo p m e n t o f  s o p h is t ic a t e d  n u c le a r  s p e c t ro m e t e rs  a n d  g re a t e r  u n d e r ­
s t a n d in g  o f  re a c t io n  m e t h o d s  n o w  m a k e  t h is  a re a  a t t a in a b le .
T h i s  th e s is  is  w r it t e n  a r o u n d  re s u lt s  o b ta in e d  fro m  a  p r o je c t i le  fra g m e n t a t io n  
r e a c t io n  a t  th e  F R S ,  G S I  w h e re  e v id e n c e  w a s o b t a in e d  fo r  12 p r e v io u s ly  u n r e ­
p o rt e d  is o m e rs  in  th e  n e u t r o n - r ic h  A  ~  1 9 0  re g io n . A  t o t a l o f  6 d iffe re n t  a re a s  o f
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th e  n u c lid e  c h a r t  w e re  c h o s e n  to  stu d y , a lt h o u g h  th e  re s u lt s  in  t h is  t h e s is  p e r t a in  
o n ly  to  th e  n e u t r o n - r ic h  s id e . A  s e t t in g  o p t im is e d  fo r  th e  t r a n s m is s io n  o f  174Y b  
a im e d  to  f in d  th e  K n =  1 6 +  b a n d  in  178H f  [6,7 ],  in  o rd e r  to  c o n f ir m  th e  p r e d ic t e d  
s ix  (a n d  p o s s ib ly  e ig h t ) q u a s i- p a r t ic le  in t r in s ic  s ta te s  in  t h is  n u c le u s . I t  w a s  
a ls o  h o p e d  t h a t  k n o w n  is o m e r ic  d e c a y s  in  181W  [8], 180T a  [9 ,1 0 ], 179T a  [11] a n d  
176H f  [1 2 ,1 3 ]  w o u ld  b e  se e n  w h ic h  c o u ld  b e  u s e d  to  p r o v id e  p a r t ic le  id e n t if ic a t io n  
a n d  7- r a y  e n e rg y  c a lib r a t io n ,  a s w e ll a s  c o n f ir m  is o m e r t im in g  m e a s u re m e n t s .  
A  p r e d ic t e d  K 7 =  10“  is o m e r in  190W  w a s a im e d  a t  w it h  th e  191W  a n d  184L u  
s e t t in g s . A  s e t t in g  w a s c h o s e n  a r o u n d  170D y  b e c a u s e  as w e ll as b e in g  p r e d ic t e d  
to  h a v e  a  K  =  6+  is o m e r  [14], it  is  a  d o u b ly  m id -s h e ll e v e n -e v e n  n u c le u s ,  a n d  
so is  a n t ic ip a t e d  to  h a v e  th e  la r g e s t  g r o u n d -s t a t e  d e fo rm a t io n  o f  a l l  n u c le i in  th e  
s u r r o u n d in g  re g io n . M a n y , b u t  n o t  a ll,  o f  th e se  o b je c t iv e s  w e re  a c h ie v e d .
T h e  f o llo w in g  c h a p t e r  o u t lin e s  n u c le a r  p h y s ic s  p r in c ip le s  re le v a n t  to  t h is  w o rk .  
C h a p t e r  3 d e s c r ib e s  th e  e x p e r im e n t  to  p o p u la t e  th e  h e a vy , n e u t r o n - r ic h  s id e  a n d  
th e  a n a ly s is  m e th o d o lo g y . Id e n t if ic a t io n  o f  n u c lid e s  is  d is c u s s e d  in  C h a p t e r  4, 
w h ic h  is  th e n  c o r re la t e d  w it h  7- r a y  s p e c t r a  in  C h a p t e r  5. E a c h  is o m e r  is  asse sse d  
in  t u r n  a n d  le v e l s c h e m e s  a re  p ro p o s e d . H a lf - l iv e s  a re  re c o rd e d  a n d  re la t e d  to  
is o m e r ic  ra t io s . T h e  re s u lt s  a re  t h e n  lin k e d  to g e th e r as w e ll a s  to  th e  s y s t e m a t ic s  
in  C h a p t e r  6, b e fo re  C h a p t e r  7  p r o v id e s  a  b r ie f  s u m m a ry . G a m m a - r a y  s p e c t r a  
d e p ic t in g  f u r t h e r  p o s s ib le  is o m e rs  a re  c o lla t e d  in  th e  A p p e n d ix .
C h a p t e r  2
N u c l e a r  P h e n o m e n a
2.1 E lectrom agnetic Transitions and /3-decay
A n  e x c it e d  n u c le a r  s t a t e  c a n  d e c a y  b y  v a r io u s  m o d e s. T h o s e  re le v a n t  to  th is  
w o r k  a re  in t e r n a l c o n v e rs io n  a n d  7-d e c a y . B e t a -d e c a y  a ls o  p la y s  a  ro le , a lb e it  a  
m in o r  o n e . D e c a y  m o d e s  a re  in d e p e n d e n t  of, a n d  c o m p e te  w it h  e a c h  o th e r, a n d  
a s a  g e n e ra l ru le ,  th e  fa s te s t  d e c a y  c h a n n e ls  d o m in a t e  o v e r th e  s lo w e r o ne s. T h e  
r e la t iv e  p r o b a b il it y  o f  th e  d iffe re n t  m o d e s  o f  d e c a y  is  d e t e rm in e d  b y  th e  n u c le a r  
s t r u c t u r e ,  e n e rg y  re la t io n s ,  t r a n s it io n  m u lt ip o la r it ie s ,  p r o t o n  n u m b e r  a n d  m a s s  
n u m b e r  o f  th e  n u c le u s .
2.1.1 Gamma-ray Emission
A  7- r a y  w i l l  d e -e x c it e  a n  e x c it e d  sta te , t a k in g  a w a y  w it h  it  a n  e n e rg y, E y w h ic h  
is  e q u a l to  th e  d iffe re n c e  in  e n e rg y  b e tw e e n  th e  in it i a l  a n d  f in a l  s ta te s  o f  th e  
n u c le u s : A 7 =  Ei — E f  a n d  th e  d iffe re n c e  in  a n g u la r  m o m e n t u m , / ,  b e tw e e n  th e  
2 s t a t e s  is  g iv e n  b y:
< L < I i  +  I f( 2.1)
w h e re  L  is  th e  a n g u la r  m o m e n t u m  o f  th e  7-ra y . T h e  p r o b a b il it y  fo r  7- r a y  e m is ­
s io n  is  d e t e rm in e d  b y  A 7 , L ,  A zr, Z  a n d  b y  th e  w a v e  f u n c t io n s  o f  th e  in it i a l
4
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a n d  f in a l sta te s. T h e  m u lt ip o la r it y  o f  a  t r a n s it io n  is  d e t e rm in e d  b y  L  a n d  Air: 
A tc(E L )  =  ( — 1 ) L fo r  e le c t r ic  m u lt ip o le  (E L )  t r a n s it io n s  a n d  A ir (M L )  =  ( — 1)L+1 
fo r  m a g n e t ic  m u lt ip o le  (M L )  t r a n s it io n s .  U s u a lly  th e  lo w e st p o s s ib le  m u lt ip o la r ­
it y  is  fa v o u re d . S p e c if ic  7- r a y  e n e rg ie s  a re  k n o w n  to  b e  th e  ‘f in g e r p r in t ’ id e n t if ie r s  
o f  m a n y  n u c lid e s  a n d  n u c le a r  in t e r a c t io n s .
W e i s s k o p f  E s t i m a t e s
T h e  h a lf- l if e  o f  a  g iv e n  t r a n s it io n  c a n  b e  e s t im a t e d  b y  m e a n s  o f  th e  W e is s k o p f  
fo rm a lis m . A s s u m in g  th e  n u c le a r  r a d iu s  to  b e  R q =  1 .2  A 1/3 fm , th e  fo rm u la e  
fo r  th e  W e is s k o p f  h a lf - l iv e s  f o r  E L  a n d  M L  t r a n s it io n s  a re  [15]:
m » ' -«■>-  ™  (Y )  (3Y f 1Y Y *  t e S & i H
(2.2)
a n d :
t 1/ 2( W ; M L )  =  3 . 2 5 5 A 2^ t 1/2( W ; E L )  ( 2 .3 )
a lt h o u g h  t h e y  c a n  a ls o  b e  w r it t e n  a s  s h o w n  in  T a b le  2.1  [16]. A s  th e  W e is s k o p f  
e s t im a t e s  a re  b a s e d  o n  a  s im p le  m o d e l, th e  7- r a y  t r a n s it io n  ra t e s  in  re a l n u c le i  
m a y  d iffe r  s ig n if ic a n t ly  f ro m  th o s e  g iv e n  b y  th e  e s tim a t e s . N e v e rth e le s s , c o m ­
p a r is o n  w it h  W e is s k o p f  e s t im a t e s  c a n  b e  v e r y  u s e fu l. T h e  e n e rg y  d e p e n d e n c e  o f  
th e  p u r e  7- r a y  h a lf- l if e  (i.e ., o n e  t h a t  is  n o t  a ffe cte d  b y  in t e r n a l c o n v e rs io n  -  see  
S e c t io n  2 .1 .2 )  is:
*1/2 00 e (2L+1)
T h e  W e is s k o p f  e s t im a t e s  re p re s e n t in  m o s t ca se s th e  u p p e r  l im it s  fo r  th e  
t r a n s it io n  p r o b a b il it ie s  o r  th e  lo w e r l im it s  fo r  th e  h a lf- liv e s .  E l  t r a n s it io n s  a re  
p r a c t ic a lly  a lw a y s  v e ry  s t r o n g ly  re t a rd e d  a s c o m p a re d  to  th e  W e is s k o p f  e s t im a t e s  
( t y p ic a l ly  b y  f o u r  to  s ix  o rd e rs  o f  m a g n it u d e ).  T h e  h ig h e s t  m u lt ip o le s  (L  — 4, 5 )  
a re  u s u a lly  b e s t d e s c r ib e d  b y  th e  e s tim a te s , b u t  r a r e ly  o c c u r  in  p r a c t ic e ,  d u e  to  
c o m p e t it io n  fro m  lo w e r m u lt ip o le s  w it h  h ig h e r  t r a n s it io n  ra te s .
T a b le  2 .1 : T a b le  o f  W e is s k o p f  e s t im a t e s  (e n e rg y  u n it s  a re  in  M e V ,  f ro m  re f. [16 ])
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E le c t r i c tJ/20 M a g n e t ic *1/2 00
E l 6.76 xlO~6 E8A2/ 3 M l
2.20X10-5
E8
E 2 9.526£5^4/3 M 2
3.10X107
£5,42/3
E 3 2.04X1019 El A2 M 3
6.66X1019
£7/14/3
E 4 6.50 XlO31 El A8/ 3 M 4
2.12X1032 
El A2
2.1.2 Internal Conversion
T h e  e x c it a t io n  e n e rg y  o f  a n  e x c it e d  n u c le u s  m a y  b e  d ir e c t ly  t r a n s f e r r e d  to  o n e  
o f  th e  o r b it a l  e le c t ro n s  o f  th e  a to m . T h i s  e le c t ro n  th e n  a p p e a r s  w it h  a n  e n e rg y  
g iv e n  b y:
E e~ —  E ex — E b (2 -5 )
w h e re  E ex is  th e  c h a n g e  in  e x c it a t io n  e n e rg y  o f  th e  n u c le u s , a n d  E b is  th e  b in d in g  
e n e rg y  in  th e  o r ig in a l  e le c t ro n  s h e ll.  T h e  f i l l in g  o f  th e  a s s o c ia t e d  a t o m ic  v a c a n c y  
r e s u lt s  in  X - r a y  e m is s io n . A lt h o u g h  e le c t ro n s  a re  n o t  re c o rd e d  b y  th e  d e te c t o r  
a r r a y  s e t -u p  in  th e  e x p e r im e n t  o n  w h ic h  t h is  w o rk  is  b a se d , in t e r n a l c o n v e rs io n  
is  o b s e rv e d  a s re d u c e d  7- r a y  in t e n s it y  o r  e n h a n c e d  X - r a y  p e a k s .
I n t e r n a l  C o n v e r s i o n  C o e f f i c i e n t s
T h e  f r a c t io n  o f  th e  t o t a l in t e n s it y  o f  a  t r a n s it io n  t h a t  is  e le c t ro n  c o n v e rt e d  is:
a  =  (2.6)
7
w h e re  I e-  a n d  J 7 a re  th e  in t e n s it y  o f  th e  e le c t ro n s  ( w it h  c o r r e s p o n d in g  X - r a y s )  
a n d  7-ra y s ,  re s p e c t iv e ly ,  a n d  a  is  th e  s u m  o f  th e  p a r t ia l  c o e ffic ie n ts  f ro m  i n d i v id ­
u a l  a t o m ic  s h e lls :
a =  &k  +  OtL +  aM +  -• (2-7)
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T h e  h a lf- l if e  o f  f u l ly - s t r ip p e d  io n s  in -f l ig h t  t h ro u g h  th e  s p e c t r o m e t e r  m u s t  b e  
c o r re c t e d  fo r  in t e r n a l c o n v e rs io n :
tJ/2 =  £1/ 2(1 +  a )  (2.8)
w h e re  t j j2 is  th e  h a lf- l if e  in - f l ig h t  a n d  £1/2 is  th e  h a lf- l if e  o f  th e  s t o p p e d  io n .
2.1.3 X-Rays
C h a r a c t e r is t ic  X - r a y  e n e rg ie s  a re  w e ll k n o w n  a n d  th u s  u s e fu l i n  th e  id e n t if ic a t io n  
o f  n u c lid e s ,  g iv e n  a n  e n e rg y  s p e c t r u m . T h e i r  in t e n s it ie s  r e la t iv e  to  th o se  o f  7-  
ra y s  a re  h e lp fu l in  th e  a s s ig n m e n t  o f  m u lt ip o la r it ie s .  W h e n  a n  a t o m  is  e x c ite d ,  
th e  o r b it a l  e le c t ro n s  a re  d is r u p t e d  in  so m e  w ay. E le c t r o n s  te n d  to  re a r ra n g e  
th e m s e lv e s  n a t u r a l ly  to  r e t u r n  th e  a t o m  to  it s  g r o u n d  sta te . T h i s  o c c u r s  t y p ic a l ly  
w it h in  a  p ic o s e c o n d  o r le ss  in  a  s o lid  m a t e r ia l  a n d  in v o lv e s  a n  e le c t ro n  ‘d r o p p in g ’ 
fro m  a  h ig h e r  e n e rg y  le v e l to  a  lo w e r one, w it h in  th e  o r b it a ls  o f  th e  a to m . I f  
th e  e le c t ro n  g o e s fro m  th e  L  s h e ll  to  th e  K  sh e ll,  th e n  a  K a p h o t o n  is  p r o d u c e d .  
S im ila r ly ,  i f  th e  e le c t ro n  d ro p s  f ro m  th e  M  s h e ll to  th e  K  s h e ll a  K g  p h o t o n  is  
p r o d u c e d ,  w it h  a  c h a r a c t e r is t ic  h ig h e r  en e rg y. T h e  m a x im u m  X - s e r ie s  p h o t o n  
is  p r o d u c e d  w h e n  th e  v a c a n c y  is  f il le d  b y  a  fre e  o r  u n b o u n d  e le c t ro n , a n d  th e  
c o r r e s p o n d in g  e n e rg y  is  th u s  g iv e n  b y  th e  X - s h e l l  b in d in g  e n e rg y . F o r  a  X - s h e l l  
v a c a n c y , th e  e n e rg y  lib e r a t e d  in  th e  t r a n s it io n  to  th e  g r o u n d  s t a t e  is  in  th e  f o r m  
o f  a  c h a r a c t e r is t ic  X - r a y  p h o to n .
E k  =  Ei — E f  (2 -9 )
w h e re  E R is  th e  e n e rg y  o f  a n  X - r a y  e m it t e d  fro m  th e  X - s h e l l  o f  a n  a t o m  a n d  Ei 
a n d  E f  a re  th e  e n e rg ie s  o f  th e  in it i a l  a n d  f in a l s ta te s  o f  th e  a to m , re s p e c t iv e ly .
2.1.4 /3-decay
T y p i c a l  /3 -d e c a y  h a lf- l iv e s  a re  o f  th e  o r d e r  o f  se co n d s, to  w h ic h  o u r  e le c t ro n ic  s e t­
u p  is  n o t  s e n s it iv e . H o w e v e r, a  g o o d  e x a m p le  o f  /3 -d e ca y  in  o u r  e x p e r im e n t  is  th e
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p r e v a le n c e  o f  a  1 4 6 0  k e V  p e a k  in  m o s t  e n e rg y  s p e c t r a  ta k e n  o v e r th e  m ic ro s e c o n d  
t im e  re g im e .
T h r e e  d iffe re n t  p ro c e s s e s  a re  c a t e g o ris e d  a s n u c le a r  /3 -d e ca y :
/3~ -  d e c a y :
i X N - + £ . 1 X 'N _ 1 +  e~  +  i> ( 2 .1 0 )
/3+ - d e c a y :
z X n — >z-\  X'n + i +  e+  +  v  (2.11)
e ~ -  c a p t u re :
Az X N + e ~  - + z\ X ' N+l +  v( 2 .1 2 )
w h e re  v  is  a  n e u t r in o  a n d  P is  a n  a n t i-n e u t r in o .  T h e  t h ir d  p ro c e s s , e le c t ro n  
c a p t u re ,  is  th e  m o d e  b y  w h ic h  th e  g r o u n d  s t a te  o f  4g K  d e c a y s  to  th e  f ir s t  2+  
e x c it e d  s t a te  o f  f g A r  ( w it h  a  h a lf - l if e  o f  ~  1 09 y e a rs ) [17]. T h e  1 4 6 0  k e V  t r a n s it io n
is  t h e n  th e  d ir e c t  t\j2 ~  1 ps, 7-d e c a y  fro m  t h is  2+  s ta te  to  th e  g r o u n d  s ta te .
2.1.5 Bremsstrahlung
A ls o  k n o w n  a s b r a k in g  r a d ia t io n ,  b re m s s t r a h lu n g  m a n ife s ts  it s e lf  a s  a  m u lt it u d e  
o f  p h o t o n s  s p a n n in g  th e  7 a n d  X - r a y  e n e rg y  re g io n . W h e n  fa s t  e le c t ro n s  in t e r a c t  
in  m a t t e r ,  p a r t  o f  t h e ir  e n e rg y  is  c o n v e rt e d  in t o  t h is  fo rm  o f  e le c t ro m a g n e t ic  r a ­
d ia t io n .  I t  c a n  e m a n a te  fro m  a n y  p o s it io n  a lo n g  th e  e le c t r o n ’s t r a c k .  T h e  g r e a t e r  
th e  e n e rg y  o f  th e  e le c t ro n  a n d  th e  a t o m ic  n u m b e r  o f  th e  a b s o r b in g  m a t e r ia l,  th e  
g r e a t e r  th e  f r a c t io n  o f  th e  e le c t r o n ’s e n e rg y  c o n v e rt e d  in t o  b re m s s t r a h lu n g .  T h i s  
is  b e c a u s e  th e  e le c t ro n  m a y  s u ffe r  r a p id  c h a n g e s  in  th e  d ir e c t io n  a n d  m a g n it u d e  o f  
it s  v e lo c ity , h e n c e  b e in g  s u b je c t e d  to  la r g e  a c c e le ra t io n s , c a u s in g  e le c t ro m a g n e t ic  
e n e rg y  to  b e  ra d ia t e d . I n  t h is  w o rk , th e  e ffe cts o f  b r e m s s t r a h lu n g  h a v e  b e e n  to  
c re a t e  a  la r g e  b a c k g r o u n d  u n d e rn e a t h  th e  7- ra y s  o r X - r a y s  o f  in te re s t, m a k in g  
t r a n s it io n s  d if f ic u lt  to  o b s e rv e  a n d  h a lf- l iv e s  d if f ic u lt  to  m e a s u re .
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2.2 The Spherical Shell Model
‘ M a g i c ’ n u m b e rs  o f  2 , 8, 20, 28, 5 0 , 8 2  a n d  1 2 6  d e fin e  c lo s e d  s h e lls  o f  n e u t ro n s  o r  
p r o t o n s , a t  w h ic h  th e  b in d in g  e n e rg y  o f  th e  la s t  n u c le o n  is  m u c h  g re a t e r  t h a n  th e  
c o r r e s p o n d in g  v a lu e  in  a  n u c le u s  w h ic h  h a s  o n e  m o re  o r  le s s  n e u t r o n  o r p ro t o n .  
D o u b ly  m a g ic  n u c le i,  l ik e  56N i, 132S n  a n d  208P b  a re  p a r t ic u la r ly  s ta b le .
T h e  s h e ll  m o d e l is  b a s e d  o n  th e  a s s u m p t io n  t h a t  e a c h  n u c le o n  m o v e s in d e ­
p e n d e n t ly  in  a n  a v e ra g e  p o t e n t ia l,  w h ic h  a r is e s  fro m  th e  c o m b in e d  e ffe ct o f  a l l  
th e  n u c le o n s . T h e  W o o d s -S a x o n  p o t e n t ia l  c o u p le d  to  a  s p in - o r b it  t e rm  is  u s e d  to  
d e s c r ib e  t h is  p o t e n t ia l  w e ll, w it h in  w h ic h  th e  n u c le o n s  e x is t , a n d  is  o f  th e  fo rm :
w h e re  R  is  th e  m e a n  r a d iu s  a n d  is  e q u a l to  1 .2 5  A 1/3 fm  a n d  a is  th e  s k in  
th ic k n e s s . T h e  s p in - o r b it  t e rm  is  d u e  to  th e  c o u p lin g  o f  th e  in s t r in s ic  a n g u la r  
m o m e n t u m , s  (w h ic h  is  e q u a l to  ±  I )  a n d  th e  o r b it a l a n g u la r  m o m e n t u m , I o f  
in d i v id u a l  n u c le o n s , so t h a t  th e  t o t a l a n g u la r  m o m e n t u m  o f  a  le v e l is  t h e re fo re  
j  =  I  -j- s .  S p h e r ic a l s h e ll m o d e l c a lc u la t io n s  th u s  p r o v id e  a  se t o f  in d e p e n d e n t  
le v e ls, o f  d e g e n e ra c y  2j  +  1, in  w h ic h  n u c le o n s  c a n  b e  p la c e d . A s  e n e rg y  le v e ls  
a re  f ille d  w it h  p a ir s  o f  n u c le o n s  o c c u p y in g  t im e -re v e rs e d  o r b it s ,  t h e ir  a n g u la r  
m o m e n t u m  c o u p le s  to  z e ro  a n d  p a r it y  is  p o s it iv e . So th e  g r o u n d  s t a te  s p in  a n d  
p a r it y  o f  a l l  e v e n -e v e n  n u c le i is  0+  a n d  th e  s p in  a n d  p a r it y  o f  o d d -m a s s  n u c le i is  
e q u a l to  th e  a n g u la r  m o m e n t u m  a n d  p a r it y  o f  th e  o r b it a l  c o n t a in in g  th e  u n p a ir e d  
p a r t ic le .
I n  th e  1 5 0  <  A  <  1 9 0  re g io n , n u c le i h a v e  m a n y  e x t r a -c o re  n u c le o n s , so  th e  
n u c le a r  p o t e n t ia l  is  n o t  u n ifo r m , a n d  th e  n u c le a r  s h a p e  is  d e s c r ib e d  a s  r o t a t io n a l  
e llip s o id .
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F ig u r e  2 .1 : A n g u la r  m o m e n t u m  o f  a n  a x ia lly  s y m m e t r ic  n u c le u s . T h e  to t a l  
a n g u la r  m o m e n t u m  o f  a  n u c le o n  is  j  — I +  s ,  w h e re  I is  th e  o r b it a l  a n g u la r  m o ­
m e n t u m  a n d  s  is  it s  in t r in s ic  a n g u la r  m o m e n t u m . T h e  t o t a l a n g u la r  m o m e n t u m  
is  I  =  R  +  J ,  w h e re  R  is  th e  a n g u la r  m o m e n t u m  d u e  to  t h e  r o t a t io n  o f  th e  
c o lle c t iv e  c o re  a n d  J  =  Y j j i  { K  =  5 ^ * .  anc  ^ o n ^  o n e  P a r f h d e is  sh o w n  in  th e
i i
f ig u r e ).  A  a n d  f 1 a re  p r o je c t io n s  o n  th e  s y m m e t r y  a x is , u s e d  to  d e s c r ib e  N ils s o n  
c o n fig u ra t io n s .
2.3 The Deformed Shell M odel
2.3.1 Deformation
T h e  s u rfa c e  o f  a  d e fo rm e d  n u c le u s  o f  c o n s t a n t  v o lu m e  c a n  b e  p a r a m e t r is e d  u s in g  
th e  le n g t h  o f  th e  r a d iu s  v e c to r, p o in t in g  fro m  th e  o r ig in  to  th e  s u rfa c e  [19]:
oo A
R (0 , <t>) =  R o[l  +  E  E  </>)]
\ —2 / i= —A
(2.14)
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w h e re  Rq is  th e  r a d iu s  o f  a  s p h e re  w it h  th e  s a m e  v o lu m e , V ,  s u c h  t h a t  V  =  
a n d  A a n d  p  d e t e rm in e  s u rfa c e  c o o r d in a t e s  a s a  fu n c t io n  o f  6 a n d  0 , re s p e c t iv e ly .  
F o r  q u a d r u p o le  d e fo rm a t io n  (A  =  2 ) th e  s y s t e m  c a n  b e  d e s c r ib e d  in  t e rm s  o f  o^o 
a n d  a 22, u s in g  (3 a n d  7 [20], s u c h  t h a t  [18]:
«20 =  P2COSJ, q>22 -  - ^ / 5 2s m 7  (2 .1 5 )
T h e  d e fo rm a t io n  p a ra m e t e r,  (32 is  u s e d  to  d e s c r ib e  a x ia l ly  s y m m e t r ic  s h a p e s  
a n d  is  re la t e d  to  th e  a x e s  o f  a  s p h e ro id  b y  f32 — w h e re  R av =  r A 1^  a n d
A R  is  th e  d iffe re n c e  b e tw e e n  th e  s e m i- m a jo r  a n d  s e m i- m in o r  ax e s. P o s it iv e  a n d  
n e g a t iv e  v a lu e s  o f  fi2 c o r re s p o n d  to  p r o la t e  (s h a p e d  lik e  a  r u g b y  b a l l )  a n d  o b la t e  
( d is c - lik e )  s h a p e s , re s p e c t iv e ly .
G a m m a  d e s c r ib e s  a x ia l ly  a s y m m e t r ic  s h a p e s  a n d  g o v e rn s  th e  7-s h a p e  d e g re e  
o f  fre e d o m , w h ic h  in d ic a t e s  a  s t r e t c h in g  o r  s q u a s h in g  e ffe ct a t  r ig h t  a n g le s  to  th e  
m a jo r  n u c le a r  a x is .  I t  is  m e a s u re d  in  d e g re e s: 7 =  0° c o r r e s p o n d in g  to  a n  a x ia l ly  
s y m m e t r ic  p r o la t e  s h a p e ; 7 =  3 0 °  to  a  c o m p le t e ly  t r ia x i a l  s h a p e ; a n d  7 =  6 0° to  
a n  o b la t e  s h a p e .
H e x a d e c a p o le  d e fo rm a t io n  (A  =  4 ) is  d e fin e d  b y:
1 1 1  
Qko =  q A i( 5 c o s 27  +  1),  cv42 =  — — fiS 0 p 4sin 2 y , a 44 =  — filO P ^sin 2^
T h e  eccentricity  p a ra m e t e r,  e 2 is  in t r o d u c e d  in  th e  N ils s o n  m o d e l a n d  (3 is  
re la t e d  to  s  b y  e 2 =  0 .9 4  (32 a n d  e 4 =  -0 .8 5  p 4 [21] to  f irs t  o rd e r.
G r o d z i n ’s r u le  re la t e s  th e  e n e rg y  o f  th e  f irs t  2+ , E ( 2 + ) e x c it e d  s ta t e  o f  a n  
e v e n -e v e n  n u c le u s  to  th e  q u a d r u p o le  d e fo rm a t io n  p a ra m e t e r,  (32 [2 2 -2 4 ],  w h e re :
E ( 2+ ) is  in  M e V  a n d  A  d e n o te s  th e  m a s s  n u m b e r  o f  th e  n u c le u s .  T h i s  c a n  b e  
u s e d  to  e s t im a t e  t h e  g r o u n d  s t a t e  q u a d r u p o le  d e fo rm a t io n  o f  a  d e fo rm e d  e v e n -  
e v e n  n u c le u s .
(2 .1 6 )
(2 .1 7 )
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2.3.2 The Nilsson Model
I n  th e  s p h e r ic a l s h e ll m o d e l, w h e re  th e  p o t e n t ia l  h a s  s p h e r ic a l  s y m m e t ry , e n e rg y  
le v e ls  h a v e  a  d e g e n e ra c y  o f  ( 2j  +  1),  w h e re a s  th e  e n e rg y  o f  a  n u c le o n  o r b it  in  
th e  d e fo rm e d  p o t e n t ia l  d e p e n d s  o n  th e  o r ie n t a t io n  o f  j , a n d  s p e c if ic a lly  o n  it s  
c o m p o n e n t  a lo n g  th e  s y m m e t r y  a x is , Ll (see F ig u r e  2.1).  O r b it s  w it h  s m a lle r  
Q  h a v e  a  lo w e r e n e rg y  ( fo r  p r o la t e  s h a p e ) b e c a u s e  n u c le o n s  w it h  t h is  s m a lle r  
a n g u la r  m o m e n t u m  p r o je c t io n  o n  th e  s y m m e t r y  a x is  a re  o n  a v e ra g e  c lo s e r  to  
th e  n u c le u s ,  a n d  t h e re fo re  m o re  b o u n d  (see F ig u r e  2.2). Q  c a n  b e  p o s it iv e  o r  
n e g a t iv e  d e p e n d in g  o n  it s  d ire c t io n ,  th e  n e g a t iv e  a n d  p o s it iv e  c o m p o n e n t s  b e in g  
o f  th e  s a m e  en e rg y, so  th e  d e g e n e ra c y  o f  e a c h  d e fo rm e d  s in g le - p a r t ic le  le v e l is  2.
F ig u r e  2 .2: T w o  p a r t ic le  o r b it s  in  a  d e fo rm e d  n u c le u s  (fro m  re f. [2 5 ]).  P a r t ic le  
2 h a s  a  s m a lle r  p r o je c t io n  o f  th e  a n g u la r  m o m e n t u m , Q , o n to  th e  s y m m e t r y  a x is  
a n d  is  m o re  s t r o n g ly  b o u n d .
T h e  N ils s o n  p o t e n t ia l  [27] s u c c e s f u lly  a c c o u n t s  fo r  la rg e  d e fo rm a t io n s  in  n u c le i  
w it h in  m a s s  ra n g e  1 5 0  <  A  <  19 0. A  d e fo rm e d  h a r m o n ic  o s c il la t o r  p o t e n t ia l  is  
u s e d  to  c a lc u la t e  th e  s in g le  p a r t ic le  e n e rg y  le v e ls  fo r  la rg e  d e fo rm a t io n s .  I t  is  o f
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F ig u r e  2 .3: V a r ia t io n  o f  N ils s o n  e n e rg y  le v e ls  w it h  d e fo rm a t io n ,  e  fo r  p r o t o n s  
w it h  5 0  <  Z  <  82 ( f ro m  re f. [2 5 ]). L e v e ls  a re  la b e lle d  o n  th e  r ig h t  w it h  N ils s o n  
q u a n t u m  n u m b e rs . C o r r e s p o n d in g  s h e ll  m o d e l le v e ls  fo r  £ =  0  a re  la b e lle d  o n  th e  
le ft. T h e  m a g ic  n u m b e rs  fo r  t h is  re g io n  a re  c ir c le d .
th e  fo rm :
V (a?, y , z) — i m(uj2x 2 +  co2y 2 +  u \z2) — C l  • s  — D l 2 (2 .1 8 )
w h e re  x , y  a n d  z  a re  th e  c o o r d in a t e s .  T h e  I • s  s p in - o r b it  t e rm  is  in c lu d e d  a s in  
th e  s p h e r ic a l s h e ll-m o d e l p o t e n t ia l,  a n d  a n  I2 te rm  is  u s e d  to  re d u c e  th e  o s c il la t o r  
p o t e n t ia l  a t la rg e  r a d ii.  C  a n d  D  a re  d e fin e d  in  te rm s  o f  /c, p  a n d  th e  o s c il la t o r  
fre q u e n c y , ojq:
c - +  D - f
w h e re  k  a n d  [i a re  a d ju s t a b le  c o u p lin g  p a ra m e te rs ,  o b t a in a b le  b y  f it t in g  to  e x ­
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p e r im e n t a l e n e rg y  le v e ls.
E n e r g y  le v e ls  in  th e se  d e fo rm e d  p o t e n t ia ls  a re  la b e lle d  in  th e  f o r m  o f  a  N ils s o n  
c o n fig u ra t io n : f ^ A n ^ A ]  w h e re  Q  is  th e  c o m p o n e n t  o f  th e  a n g u la r  m o m e n t u m  
a lo n g  th e  s y m m e t r y  a x is ; N  is  th e  t o t a l o s c il la t o r  s h e ll q u a n t u m  n u m b e r  ( i f  N  
is  o d d , th e  p a r it y  is  o d d  -  i f  N  is  e ve n , th e  p a r it y  is  e v e n : ( ~ 1) N); n z is  th e  
n u m b e r  o f  n o d e s  in  th e  w a v e  f u n c t io n  in  th e  2 d ire c t io n ;  a n d  A  is  th e  p r o je c t io n  
o f  th e  p a r t ic le  o r b it a l  a n g u la r  m o m e n t u m , I o n  th e  s y m m e t r y  a x is .  T h e  r e la t io n  
b e tw e e n  th e  p e r m is s ib le  v a lu e s  o f  n z a n d  A  is  t h a t  t h e ir  s u m  m u s t  b e  e v e n  i f  N  
is  even , a n d  o d d  i f  A  is  o d d .
T h e  N ils s o n  d ia g r a m  t y p ic a l ly  sh o w s e n e rg y  le v e ls  fo r  n e u t ro n s  o r  p r o t o n s  in  
a  d e fo rm e d  p o t e n t ia l,  d e s c r ib e d  b y  th e  d e fo rm a t io n  p a ra m e t e r,  e 2 [16]. F ig u r e
2 .3  s h o w s  a n  e x a m p le  o f  th is .
2.4 Collective P roperties
R o t a t io n s  o f  d e fo rm e d  n u c le i c a n  b e  u n d e rs t o o d  i f  th e  n u c le u s  is  t r e a t e d  a s b e ­
h a v in g  c o lle c t iv e ly . T h e  e n e rg y  c a n  b e  w r it t e n  as:
E  =  A l ( I  +  1 ) (2 .2 0 )
w h e re  ^  is  th e  m o m e n t o f  in e r t ia .  A s  e n e rg y  is  a d d e d  to  th e  s y s te m , th e  a n g u la r  
m o m e n t u m  n u m b e r  I  in c re a s e s  a n d  th e  d is t in c t iv e  se q u e n c e  o f  le v e ls  o b t a in e d  
is  k n o w n  as a  ‘r o t a t io n a l ’ b a n d  [26]. T r a n s it io n s  b e tw e e n  s t a t e s  in  s u c h  a  b a n d  
a re  e a s ily  re c o g n is a b le  as th e re  is  a  c o n s t a n t  e n e rg y  d iffe re n c e  b e tw e e n  s u c c e s s iv e  
tr a n s it io n s .
I n  d e fo rm e d  n u c le i,  r o t a t io n a l  b a n d s  a re  b u ilt  o n  t o p  o f  s in g le  p a r t ic le  sta te s,  
w h ic h  h a v e  c e r t a in  e n e rg y  a n d  a n g u la r  m o m e n ta . C o lle c t iv e  r o t a t io n s  o n ly  o c c u r  
a b o u t  a n  a x is  w h ic h  is  p e r p e n d ic u la r  to  th e  s y m m e t ry  a x is , so  th e  p r o je c t io n  o f  
t h is  c o lle c t iv e  a n g u la r  m o m e n t u m  o n to  th e  s y m m e t ry  a x is  is  z e ro . H o w e v e r, th e  
p r o je c t io n  o f  th e  a n g u la r  m o m e n t u m  o n to  th e  s y m m e t r y  a x is , w h ic h  is  d u e  to  th e
CHAPTER 2. NUCLEAR PHENOMENA 15
s in g le  p a r t ic le  le v e l o n  w h ic h  th e  r o t a t io n a l  b a n d  is  b u ilt ,  is  k n o w n  a s  K  a n d  is  
c o n s t a n t  f o r  th e  r o t a t io n a l  b a n d . T h e  r o t a t io n a l b a n d  b u i lt  o n  th e  g r o u n d  s ta t e  
o f  a  d e fo rm e d  e v e n -e v e n  n u c le u s  h a s  K  =  0.
A n  o b s e rv a b le  c o m m o n ly  u s e d  to  re c o g n is e  t r e n d s  o r  a n o m a lie s  in  e v e n -e v e n  
n u c le i is  th e  r a t io  E ( 4 + ) / E ( 2 + ), w h ic h  g iv e s  a  d ire c t  in d ic a t io n  o f  th e  s t r u c t u r e  
o f  a  n u c le u s . A  v ib r a t o r  ( h a r m o n ic  o s c il la t o r  w it h  E  —  nTito) h a s  a  v a lu e  o f  2, a  
r o t o r  h a s  a  v a lu e  o f  3 .3 3  ( f r o m  E q u a t io n  2 .2 0 ).
2.5 Isom ers
Is o m e r s  a re  e x c it e d , lo n g - liv e d  m e t a s t a b le  s ta te s . T h e y  a re  fo rm e d  d u e  to  w h a t  
a re  k n o w n  as in tr in sic  s ta te s , w h ic h  c h a n g e  th e  in t e r n a l s t r u c t u r e  o f  th e  n u c le u s  
a n d  in c lu d e  p a ir - b r e a k in g  p a r t ic le  e x c it a t io n s .  I n  t h is  w o r k  in s ig h t s  in t o  n u c le a r  
s t r u c t u r e  a re  g a in e d  b y  m a k in g  u se  o f  th e  t im e  g a p  fo r  w h ic h  th e  is o m e r e x is ts .
T h e  re g io n  o f  th e  n u c lid e  c h a rt  s t u d ie d  in  t h is  w o rk  is  t h o u g h t  to  c o n t a in  a  
la r g e  n u m b e r  o f  lo n g - liv e d  is o m e rs , w h ic h  a re  fo rm e d  d u e  to  b o t h  ‘s p in ’ a n d  lJC  
t r a p s  [28].
S p in  t r a p s  e x is t  d u e  to  th e  d if f ic u lt y  in  m e e t in g  s p in  s e le c t io n  ru le s . I n  o r d e r  
to  d e c a y  to  lo w e r e n e rg y  sta te s, a  la r g e  c h a n g e  in  n u c le a r  s p in  is  re q u ire d ,  a n d  
th e re fo re  th e  e m is s io n  o f  r a d ia t io n  w it h  h ig h  m u lt ip o la r it y  (a n d  lo w  t r a n s it io n  
ra t e  -  see T a b le  2 .1 )  to  m a t c h  th e  s p in  ch a n g e . M o s t  s p in  t r a p s  d e c a y  b y  7- r a y  
e m is s io n  o r  in t e r n a l  c o n v e rs io n , a lt h o u g h  so m e  a re  k n o w n  to  d e c a y  b y  a - p a r t ic le  
o r p r o t o n  e m is s io n , o r  b y  /3 - p a r t ic le  e m is s io n  o r  e le c t ro n  c a p t u r e  [1].
K  is o m e rs  a r is e  d u e  to  la rg e  m id -s h e ll  d e fo rm a t io n s  a n d  th e  o c c u p a t io n  o f  
h i g h - 0  o r b it a ls  b y  b o t h  n e u t ro n s  a n d  p ro t o n s . T h e s e  a re  a m o n g s t  th e  lo n g e s t  
l iv e d  o f  th e  is o m e r t y p e s  a n d  h a v e  th e  p o t e n t ia l  to  re a c h  th e  h ig h e s t  e n e rg ie s.
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A - s e l e c t i o n  r u l e s
A c c o r d in g  to  th e  A - s e le c t io n  ru le s ,  th e  m u lt ip o la r it y  o f  th e  d e c a y  r a d ia t io n ,  A, 
m u s t  b e  a t le a s t  as la r g e  as th e  c h a n g e  in  th e  A - v a lu e .
A >  A K  (2.21)
T r a n s it io n s  t h a t  v io la t e  th e  A - s e le c t io n  r u le  a re  fre q u e n t ly  o b s e rv e d , in d ic a t in g  
t h a t  th e re  is  so m e  m ix in g  o f  K  v a lu e s . T h e s e  c A - f o r b i d d e n ’ t r a n s it io n s  a re  t h e re ­
fo re  h in d e re d , ra t h e r  t h a n  s t r ic t ly  fo rb id d e n , a n d  th e  d e g re e  o f  fo rb id d e n n e s s ,  v  
is  c a lc u la t e d  b y  v  — A A  — A. T h e  t r a n s it io n  ra te  m a y  b e  re d u c e d  b y  a  fa c t o r  o f  
a b o u t  1 0 0  f o r  e a c h  d e g re e  o f  fo rb id d e n n e s s  [2 9 ,3 0 ].
H i n d r a n c e  F a c t o r s
T h e  W e is s k o p f  h in d r a n c e  fa c t o r,  F w  is  g iv e n  a s th e  r a t io  o f  th e  p a r t ia l  h a lf - l if e  
m e a s u re d  b y  e x p e r im e n t  ( t y 2) f °  t h a t  e s t im a t e d  (see T a b le  2 .1 )  u s in g  W e is s k o p f  
f o r m a lis m  (4/ 2) :
4 / 2
F w  =  7#  ( 2.22)
Cl/2
H e n c e  L o b n e r ’s h in d r a n c e  f a c t o rs  [29] c a n  b e  u se d  to  e s t im a t e  th e  t r a n s it io n
m u lt ip o la r it y  w h e n  th e  7- r a y  t r a n s it io n  e n e rg y  a n d  th e  h a lf- l if e  a re  k n o w n  (see
F ig u r e s  2 .4  a n d  2 .5 ).
T h e  re d u c e d  h in d r a n c e ,  / „  g iv e s  a n  in d ic a t io n  o f  h o w  h in d e re d  a  t r a n s it io n  
m a y  b e , a c c o r d in g  to  th e  d e g re e  o f  fo rb id d e n n e s s . I t  in d ic a t e s  h o w  g o o d  th e  A  
q u a n t u m  n u m b e r  is:
/ ,  =  F U U =  ( U r  j  ( 2 .2 3 )
I t  is  n o t  u n re a s o n a b le  to  e x p e c t  a  v a lu e  o f  / „  (==: 10 0. A  v a lu e  o f  =  1 w o u ld  
im p ly  a n  u n h in d e r e d  p ro c e s s .
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F ig u r e  2 .4 : R a n g e  o f  h in d r a n c e  fa c t o rs  re la t iv e  to  th e  W e is s k o p f  e s t im a t e  o f  
m a g n e t ic  7- r a y  t r a n s it io n s  fo r  d iffe re n t  \AK\  v a lu e s , f ro m  re f. [29].
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F ig u r e  2 .5 : R a n g e  o f  h in d r a n c e  f a c t o rs  re la t iv e  to  th e  W e is s k o p f  e s t im a t e  o f  
e le c t r ic  7- r a y  t r a n s it io n s  fo r  d iffe re n t  | A i k |  v a lu e s , f ro m  re f.
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2.6 Blocked BCS Calculations
E x c it e d  s ta te s  o f  a n  e v e n -e v e n  n u c le u s  c a n  b e  p r o d u c e d  b y  a d d in g  e n e rg y  to  a  
c o re  o f  p a ir e d  n u c le o n s . T h i s  e n e rg y  c a n  m a n ife s t  it s e lf  in  th e  fo rm  o f  c o lle c t iv e  
ro t a t io n s  o r  v ib r a t io n s  o f  th e  e n t ire  co re , o r  in  th e  b r e a k in g  o f  a  p a ir  (o r  m o re )  
o f n u c le o n s , th e re b y  f o r m in g  q u a s ip a r t ic le  s ta te s. I n  a n  o d d  m a s s  n u c le u s ,  q u a s i­
p a r t ic le  s ta te s  a re  fo rm e d  w h e n  th e  v a le n c e  n u c le o n  is  e x c it e d  to  a  h ig h e r  e n e rg y  
o r w h e n  a  p a ir  o f  n u c le o n s  c lo s e  to  th e  F e r m i s u rfa c e  is  b ro k e n .
B a r d e e n - C o o p e r - S c h r ie f f e r  ( B C S )  [31] t h e o ry  w a s d e v e lo p e d  to  e x p la in  m e t a l­
l ic  s u p e r c o n d u c t iv it y  a s a  r e s u lt  o f  e le c t ro n  p a ir in g .  B o h r  w e n t o n  to  s u g g e st  
t h a t  th e  e n e rg y  g a p  o b s e rv e d  in  th e  e le c t ro n ic  e x c it a t io n  o f  s u p e r c o n d u c t o r s  w a s
a n a lo g o u s  to  th e  e n e rg y  g a p  in  th e  e x c it a t io n  e n e rg y  o f  e v e n -e v e n  n u c le i [32].
H e n c e  B C S  t h e o ry  w a s  a p p lie d  to  p r o b le m s  in  n u c le a r  s t r u c t u r e .
W h e n  a  n u c le u s  is  in  it s  g r o u n d  sta te , p r o t o n s  a n d  n e u t ro n s  a t  th e  F e r m i le v e ls  
c a n  s c a t t e r  to  e m p t y  s in g le  p a r t ic le  sta te s. P a ir s  o f  p a r t ic le s  a r e  blocked  f ro m  
s c a t t e r in g  to  s in g ly  o c c u p ie d  o r b it a ls  a n d  a re  th e re fo re  e x c lu d e d  f r o m  c a lc u la t io n s .  
T h e  e n e rg y  o f  th e  o r b it a l,  ( f ro m  N ils s o n  s in g le - p a r t ic le  e n e rg ie s ) to g e t h e r w it h  
th e  F e r m i e n e rg y , [i a re  u s e d  to  c a lc u la t e  th e  e n e rg y  o f  th e  n e w  s in g le  q u a s i­
p a r t ic le  sta te , Ek  [33]:
E k =  y /( e k -  M)2 +  A 2 ( 2 .2 4 )
w h e re  A  is  th e  p a ir  g a p  g iv e n  b y:
A  =  G J 2  ( 2 .2 5 )
k^kj
w h e re  Vk a n d  u & a re  th e  p r o b a b il it y  a m p lit u d e s  fo r  th e  kth o r b it a l  to  b e  o c c u p ie d  
o r u n o c c u p ie d ,  re s p e c t iv e ly  (th e  f u lln e s s  a n d  e m p t in e s s  f a c t o rs ),  s u c h  t h a t  u\ +
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G  is  th e  s t re n g t h  o f  th e  p a ir in g  fo rc e  w it h  w h ic h  a  p a ir  o f  p a r t ic le s  in  t im e -  
re v e rs e d  o r b it s  in t e r a c t ,  s o m e t im e s  c a lle d  th e  m o n o p o le  p a ir in g  s t re n g th . T h e  
b lo c k in g  le a d s  to  a  r e d u c t io n  in  th e  p a ir in g  e n e rg y  a n d  p r o v id e s  m o re  a c c u ra t e  
c o m p a r is o n  w it h  d a ta .
T h e  p a ra m e t e rs  re q u ire d  to  p e r f o r m  th e  c a lc u la t io n s  a re  A ,  Z , G v , G £2 a n d  
£4. e k is  u s e d  to  c a lc u la t e  E k (se e  E q u a t io n  2 .2 4 ) in  th e  n e ig h b o u r in g  o d d -m a s s  
n u c le i.  A  is  c a lc u la t e d  fo r  b o t h  G v a n d  G 7r. T h e  t o t a l e n e rg y  o f  th e  m u lt i­
q u a s ip a r t ic le  sta te s, E rnqp is  th e n  s im p ly  th e  s u m  o f  th e  e n e rg ie s  f o r  n e u t ro n  a n d  
p r o t o n  c o n f ig u ra t io n s :
+  (2 -2 7 )
ky h^r
2.6.1 Residual Interactions
A  r e s id u a l in t e r a c t io n  o c c u r s  w h e n  th e  in t e r n u c le o n  fo rc e  is  n o t  c o n t a in e d  w it h in  
a n  o v e ra ll  c e n t ra l p o t e n t ia l.  A s id e  f r o m  th e  p a ir in g  in t e r a c t io n ,  th e  r e s id u a l  
in t e r a c t io n  in  m u lt i- q u a s ip a r t ic le  s t a t e s  c a n  b e  im p o r t a n t .  T h e  g r o u n d  s t a t e  o f  
a n  o d d -o d d  n u c le u s  c a n  b e  d e t e rm in e d  b y  u se  o f  th e  G a lla g h e r - M o s k o w s k i r u le s  
[34], w h ic h  s t a t e  t h a t  th e  lo w e r e n e rg y  sta te , as a  K  =  |Q P ±  Q n | d o u b le t  h a s:
1 1 
K  =  Op +  Lln i f  Llp — A p ±  -  a n d  Lln =  A n ±  -  (2 .2 8 )
1 1
K  =  |Q P -  Q n | i f  Llp =  A p ±  -  a n d  Lln =  A n -  (2 .2 9 )
w h e re  Llp a n d  A p re p re s e n t th e  t o t a l a n d  o r b it a l  a n g u la r  m o m e n t a  o f  o d d  p r o t o n s  
(o r  n e u t ro n s )  a s  d e d u c e d  f r o m  a  s t u d y  o f  n e ig h b o u r in g  o d d - A  n u c le i,  w it h  re s p e c t  
to  th e  s in g le - p a r t ic le  s h e ll  m o d e l.  I n  s h o rt,  l ik e  n u c le o n s  ( in  a n  e v e n -e v e n  n u c le u s )  
f a v o u r  a n t i- p a r a lle l  s p in  p r o je c t io n s  a n d  u n - lik e  n u c le o n s  fa v o u r  p a r a lle l  s p in  p r o ­
je c t io n s .  F o r  in s ta n c e ,  it  is  q u it e  p o s s ib le  t h a t  th e  fa v o u re d  c o u p lin g  o f  2 o r b it s  is  
th e  g r o u n d  sta te , a n d  th e  u n fa v o u r e d  c o u p lin g  o f  th e  s a m e  n u c le u s  is  a n  e x c it e d  
s t a te . R e s id u a l  n u c le o n -n u c le o n  in t e r a c t io n s  c a n  a lso  a ffe c t m u lt i- q u a s ip a r t ic le  
c a lc u la t io n s ,  a lt h o u g h  b lo c k e d  B C S  c a lc u la t io n s  p e rfo rm e d  in  C h a p t e r  5  d o  n o t
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m a k e  a llo w a n c e s  f o r  th e se . H o w e v e r, a l l  p o s s ib le  p a ir w is e  in t e r a c t io n s  a re  t a k e n  
in t o  a c c o u n t  w h e n  a s s ig n in g  N ils s o n  c o n f ig u ra t io n s  to  is o m e r ic  le v e ls.
2.7 Po ten tia l Energy Surface Calculations
I n  t h is  th e s is , u se  is  m a d e  o f  n u c le a r  s h a p e  c a lc u la t io n s  to  a id  in  u n d e r s t a n d in g  
th e  is o m e r ic  s t a te s  o b s e rv e d . T h e s e  a re  s o p h is t ic a t e d  c a lc u la t io n s  d e v e lo p e d  by- 
X u  et al. [35], a n d  o n ly  a  b r ie f  o u t lin e  is  g iv e n  h e re .
T h e  s h a p e  o f  a  g iv e n  m u lt i- q u a s ip a r t ic le  c o n f ig u ra t io n  c a n  b e  e s t im a t e d  u s in g  
c o n f ig u r a t io n  c o n s t ra in e d  p o t e n t ia l  e n e rg y  s u rfa c e  ( P E S )  c a lc u la t io n s  [35]. P E S  
c a lc u la t io n s  a re  c a lc u la t e d  fo r  q u a d r u p o le  (fa , 7) d e fo rm a t io n s  w it h  h e x a d e c a p o le  
v a r ia t io n  (fa ).  O w in g  to  th e  c o n f ig u r a t io n  d e p e n d e n c e  o f  s h a p e s  a n d  p o t e n t ia l  
e n e rg y  s u rfa c e s , d ia b a t ic  b lo c k in g  is  n e c e s s a ry  to  o b t a in  m e a s u re d  o b s e rv a b le s ,  
e.g., q u a d r u p o le  m o m e n t s  a n d  e x c it a t io n  e n e rg ie s, so  m u lt i- q u a s ip a r t ic le  c o n fig ­
u r a t io n s  c a n  b e  c o n s t r ic t e d  b y  b lo c k in g  s p e c if ie d  o r b it a ls .
T h e  t o t a l e n e rg y  is  m a d e  u p  o f  2 p a rt s :  th e  m a c r o s c o p ic  ( w h ic h  is  c a lc u la t e d  
u s in g  th e  L i q u id  D r o p  M o d e l)  a n d  th e  m ic r o s c o p ic  (w h ic h  is  f o u n d  u s in g  th e  
S t r u t in s k y  s h e ll- c o r r e c t io n  [36] a n d  th e  L ip k in - N o g a m i t r e a t m e n t  o f  p a ir in g  [37, 
3 8 ]).  T h i s  t re a t m e n t  o f  p a ir in g  is  e m p lo y e d  w it h in  th e  d e fo rm e d  W o o d s -S a x o n  
p o t e n t ia l  [36]. P a ir in g  e n e rg ie s  a re  v e r y  s e n s it iv e  to  th e  v a lu e  o f  th e  m o n o p o le  
p a ir in g  s tre n g th , G , w h ic h  is  c a lc u la t e d  b y  th e  a v e ra g e  g a p  m e t h o d  d e s c r ib e d  in  
re f. [39].
N u c le a r  s h a p e  m a y  b e  d iffe re n t  fo r  e v e ry  q u a s ip a r t ic le  e x c it a t io n ,  a lt h o u g h
\
t h is  o n ly  r e a lly  b e c o m e s  a p p a re n t  w h e n  c o n s id e r in g  m u lt i- q u a s ip a r t ic le  e x c it a ­
t io n s  o f  w e a k ly  d e fo rm e d  n u c le i a p p r o a c h in g  Z  =  82, s u c h  as o s m iu m , fo r  w h ic h  
Z  =  70.
C h a p t e r  3  
E x p e r i m e n t  a n d  A n a l y s i s  
M e t h o d o l o g y
A  b r ie f  d is c o u rs e  o n  th e  d iffe re n t  te c h n iq u e s  t h a t  c a n  b e  e m p lo y e d  to  re a c h  th e  
n e u t r o n - r ic h  A  ~  19 0  re g io n  fo llo w s , w it h  e m p h a s is  o n  p r o je c t i le  f ra g m e n t a t io n .  
T h e  F R S  is  d is c u s s e d  a n d  th e  e x p e r im e n t  is  d e s c rib e d . T h e  m e t h o d  o f  a n a ly s is  
o f  is  in t ro d u c e d ,  u s in g  th e  d a t a  fro m  th e  F R S ,  o p t im is e d  fo r  th e  t r a n s m is s io n  o f  
174Y b ,  i.e ., th e  174Y b  s e tt in g .
3.1 Deep Inelastic Reactions
A s  n u c le i c o ll id e  a t  e n e rg ie s  a b o v e  th e  C o u lo m b  b a r r ie r ,  n u c le o n s  a re  t r a n s fe rr e d  
b e tw e e n  th e  t a rg e t  a n d  p r o je c t i le  n u c le u s . T h e  n e u t ro n  to  p r o t o n  r a t io  o f  p r o d u c t  
n u c le i e q u ilib r a t e s  r a p i d ly  to  t h a t  o f  th e  c o m b in e d  s y s te m , b e c a u s e  o f  th e  r e la ­
t iv e ly  lo n g  c o n t a c t  t im e . T a n g e n t ia l  r o ll in g  f r ic t io n  [40] a c t s  to  t r a n s f e r  a n g u la r  
m o m e n t u m  fro m  re la t iv e  m o t io n  to  in t r in s ic  r o t a t io n  o f  r e a c t io n  p r o d u c t s  (fo r  
n o n -z e ro  im p a c t  p a r a m e t e r s ).  S o a n  in t e r m e d ia t e  m a s s  n u c le u s . in  c o m b in a t io n  
w it h  a  h e a vy , n e u t r o n - r ic h  ta rg e t  c a n  p r o d u c e  e x c ite d , ro t a t in g ,  n e u t r o n - r ic h  
p r o d u c t s  w it h  m a s s e s  c lo s e  to  t h a t  o f  th e  b e a m  a n d  ta rg e t  n u c le i.  T h e  n e w ly  
g a in e d  ro t a t io n  is  s h a re d  b e tw e e n  th e  2 r e a c t io n  p r o d u c t s  in  th e  r a t io  o f  t h e ir
22
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r a d ii.
T h e  m o s t  n e u t r o n - r ic h  p r o d u c t  n u c le i a re  a t t a in a b le  b y  u s in g  th e  m o s t  n e u t ro n -  
r ic h  t a rg e t  a n d  p r o je c t i le  c o m b in a t io n s  a v a ila b le  in  th e  re g io n  o f  in te re s t. T h is  
m e t h o d  h a s  th e  a d v a n ta g e  t h a t  e la b o r a t e  g a m m a -d e t e c t o r  a r r a y s  (e.g. G A M -  
M A S P H E R E )  c a n  b e  u t il is e d  to  a c h ie v e  g o o d  c o u n t in g  ra te s. H o w e v e r, in  e x o tic ,  
p r e v io u s ly  u n e x p lo r e d  a re a s  o f  th e  n u c lid e  c h a rt ,  t h is  m e t h o d  b e c o m e s  r e d u n ­
d a n t, a s  o fte n  th e re  is  n o t  e n o u g h  k n o w n  in  th e  re g io n  o f  in t e r e s t  to  u se  7- r a y  
c o in c id e n c e s  w it h  k n o w n  t r a n s it io n s ,  i.e ., th e re  is  s o m e tim e s  n o  w a y  to  d e t e rm in e  
w h ic h  n u c lid e s  p a r t ic u la r  7-r a y s  o r ig in a t e  fro m  [41].
3.2 P ro jectile  F ragm entation
T h e  p r o je c t i le  fra g m e n t a t io n  r e a c t io n  m e c h a n is m  is  c h a r a c t e r is e d  b y  la r g e  f lu c ­
t u a t io n s  in  N / Z  r a t io  o f  a b r a d e d  n u c le i a n d  e x c it a t io n  e n e rg y  a c q u ire d . T h e s e  
la r g e  f lu c t u a t io n s  a re  a  c o n s e q u e n c e  o f  h ig h  k in e t ic  e n e rg ie s  b ro u g h t  in to  th e  
s y s t e m  w h ic h  c o n s id e r a b ly  e x c e e d  th e  t o t a l b in d in g  e n e rg ie s  o f  th e  r e a c t io n  p a r t ­
n e rs . T h i s  is  th e  f u n d a m e n t a l d iffe re n c e  to  o t h e r ty p e s  o f  h e a v y - io n  r e a c t io n s  
t h a t  t y p ic a l ly  r e ly  o n  lo w e r b o m b a r d in g  e n e rg ie s  ( lik e  fu s io n , tr a n s fe r,  d e e p  in ­
e la s t ic  o r  f is s io n ) . T h e  fra g m e n t a t io n  o f  h e a v y  io n s  a t r e la t iv is t ic  e n e rg ie s  m ig h t  
b e  th e  m o s t  p r o m is in g  r e a c t io n  t y p e  f o r  th e  p r o d u c t io n  o f  th e  m o s t  n e u t r o n - r ic h  
is o t o p e s , p r o v id e d  s u ff ic ie n t ly  h ig h  p r im a r y  b e a m  in t e n s it ie s  a re  a v a ila b le  [42].
T h e  tw o -s te p  A b r a s io n - A b la t io n  m o d e l [43] is  u s e d  to  d e s c r ib e  th e  k in e m a t ic s  
o f  p r o je c t i le  fra g m e n t a t io n  m a c r o s c o p ic a lly  a n d  is  d is c u s s e d  b e lo w .
3.2.1 The Abrasion-Ablation Model 
S t e p  1: A b r a s i o n
A s  a  h e a v y  io n  n u c le u s ,  a t  r e la t iv is t ic  en e rg y , is  in c id e n t  o n  a  t a rg e t  n u c le u s ,  
s t r o n g ly  in t e r a c t in g  ‘p a r t ic ip a n t ’ n u c le o n s  c o a le s c e  in to  a  ‘f ir e b a l l ’ [44] o r  ‘h o t
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s p o t ’ w h ic h  is  s w e p t o u t  f ro m  th e  im p a c t  a re a . T h e  h o t s p o t  is  d e s c r ib e d  as  
a  n e c k - lik e  s t ru c t u re ,  w h o se  t e m p e r a t u r e  c a n  b e  s ig n if ic a n t ly  h ig h e r  t h a n  t h a t  
o f  th e  r e m a in in g  m a s s  [45]. I t  is  a s s u m e d  t h a t  th e  p r o je c t i le  a n d  t a rg e t  m a k e  
c le a n  c y l in d r ic a l  c u t s  t h r o u g h  e a c h  o t h e r  (see F ig u r e  3 .1 ),  le a v in g  ‘s p e c t a t o r ’ , 
n o n - p a r t ic ip a t in g  p a r t s  o f  th e  t a rg e t  a n d  p r o je c t i le  [47]. T h e  c h a n c e  o f  re m o v in g  
a  c e r t a in  n u c le o n  in  a  p e r ip h e r a l  c o ll is io n  is  g iv e n  b y  th e  p r o b a b il it y  to  f in d  it  
in  th e  o v e rla p  z o n e  a t  th e  in s t a n t  o f  re a c t io n . T h i s  is  la b e lle d  a s  th e  im p a c t  
p a ra m e t e r,  b in  F ig u r e  3 .1 . G a im a r d  et al. fo u n d  t h a t  th e  n u m b e r  o f  n u c le o n s  
re m o v e d  fro m  th e  p r o je c t i le  d e p e n d s  o n ly  o n  b [47], w h ic h  c a n  b e  c a lc u la t e d  
b y  n u m e r ic a l in t e g r a t io n  o f  th e  o v e rla p  v o lu m e . T h e r e f o r e  th e  t o t a l n u m b e r  o f  
n u c le o n s  re m o v e d  is  d ir e c t ly  p r o p o r t io n a l  to  th e  v o lu m e  o f  th e  o v e r la p  zo n e.
M i c r o s c o p ic a lly  t h is  c a n  b e  in t e r p r e t e d  as r e a c t io n  p a r t n e r s  a p p r o a c h in g  e a ch  
o t h e r in  th e  g r o u n d  sta te , w it h  n u c le o n s  m o v in g  in  th e  a p p r o p r ia t e  n u c le a r  p o t e n ­
t i a l  w e ll [48]. T h e  w a v e fu n c t io n s  o f  th e  n o n - p a r t ic ip a t in g  ‘s p e c t a t o r ’ n u c le o n s  a re  
o n ly  a  l it t le  d is t u r b e d  b y  th e  a b ra s io n ,  b u t  t h is  r e s id u a l n u c le u s  k e e p s th e  s a m e  
g e o m e t r ic a l e x te n s io n  as th e  o r ig in a l,  o n ly  w it h  a  re d u c e d  d e n s ity . T h e  a b r a s io n  
p ro v o k e s  r u p t u r e  o f  so m e  n u c le o n -n u c le o n  b in d in g s ,  c a u s in g  a  c e r t a in  n u m b e r  o f  
s in g le  p a r t ic le  le v e ls  to  b e  v a c a t e d . T h e s e  t a rg e t - lik e  p r e -fr a g m e n t s  a re  th e n  le ft  
w it h  a  m e a n  e x c it a t io n  e n e rg y  o f  a r o u n d  2 7  M e V  [49] p e r  a b r a d e d  n u c le o n .
T h e  a b r a s io n  p ro c e s s  is  a  fa s t  in t e r a c t io n  o f  d u r a t io n  ~  1 0 ~ 23s. I t  d e te rm in e s  
o n ly  th e  n u m b e r  o f  n u c le o n s  re m o v e d  f ro m  th e  in it i a l  n u c le u s , b u t  d o e s n o t  s p e c if y  
th e  p r o t o n  to  n e u t ro n  ra t io .
S t e p  2: A b l a t i o n
T h e  p r o d u c t s  o f  p e r ip h e r a l  c o ll is io n s  a t  r e la t iv is t ic  e n e rg ie s  a re  v e r y  e x c it e d  
p r o je c t i le - l ik e  p re -fra g m e n t s ,  w h ic h  go o n  to  d e -e x c it e  t h ro u g h  th e  e v a p o r a t io n  
o f  n e u t ro n s , p r o t o n s  a n d  lig h t  n u c le i,  as w e ll as b y  f is s io n  a n d  th e  e m is s io n  o f  
7- ra y s ,  to  fo rm  th e  f in a l fra g m e n ts . T h i s  is  a  r e la t iv e ly  s lo w  d e -e x c it a t io n  p ro c e s s ,  
la s t in g  ~  1 0 _16s a t  a n  e x c it a t io n  e n e rg y  o f  10  M e V  o r ~  I 0 _21s a t  2 0 0  M e V .
CHAPTER 3. EXPERIMENT AND ANALYSIS METHODOLOGY 25
F ig u r e  3 .1 : S c h e m a t ic  o f  th e  p r o je c t i le  f ra g m e n t a t io n  re a c t io n  fro m  re f. [46]. A  
h e a v y  io n  c le a n ly  sw e e p s o u t  a  g iv e n  v o lu m e  fro m  th e  t a rg e t  n u c le u s ,  d e p e n d a n t  
o n  im p a c t  p a r a m e t e r  b.
E x c it e d  n u c le i w it h  a  la r g e  n e u t ro n  e x ce ss d e -e x c ite  a lm o s t  e x c lu s iv e ly  b y  
e v a p o r a t in g  n e u t ro n s , to  p r o d u c e  a  w id e  ra n g e  o f  p r o d u c t s .  A  p o r t io n  o f  th e se  
a re  n e u t r o n - r ic h ,  w h ic h  a re  m a d e  in  re a c t io n s  w h e re  m o s t ly  p r o t o n s  a re  a b r a d e d  
a n d  o n ly  a  fe w  n e u t ro n s  a re  e v a p o ra t e d . I n  t h is  ca se  th e  re a c t io n  p r o d u c t s  m a n ­
ag e  to  k e e p  a ll  th e  n e u t ro n s  o f  th e  p r o je c t ile .  T h e y  r e s u lt  f r o m  ‘c o ld ’ f ra g m e n t a ­
t io n  r e a c t io n s  [50], w h e re  th e  p r o je c t i le - l ik e  p re -fra g m e n t s  a re  p r o d u c e d  w it h  a n  
e n e rg y  b e lo w  th e  n e u t r o n - e v a p o r a t io n  t h re s h o ld .
A n g u l a r  m o m e n t u m
A n  e s t im a t io n  o f  th e  r .m .s  a n g u la r  m o m e n t u m  {yJ(J2}) o f  f in a l  fra g m e n t s  p r o ­
d u c e d  in  a  re a c t io n  o f  t h is  k in d  c a n  b e  c a lc u la t e d  u s in g  a  r e la t io n s h ip  d e r iv e d  
b y  d e  J o n g  et al. [51]. A  s p in - c u t o f f  p a ra m e te r,  a 2 is  u t il is e d  w h ic h  re la t e s  to
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a n g u la r  m o m e n t u m  b y:
p Y )  =  V 2 u s  ( 3 .1 )
T h e  s p in - c u t o f f  p a r a m e t e r  is  g iv e n  b y :
M 64' - 1' V / i'hX X ' 1 (“ >
w h e re  A p is  th e  m a s s  o f  th e  p r o je c t ile ,  A f  is  th e  m a s s  o f  th e  f in a l  fra g m e n t  a n d  v 
is  th e  m e a n  n u m b e r  o f  e v a p o ra t e d  n u c le o n s  p e r  a b r a d e d  n u c le o n  (a t  r e la t i v i s it ic  
e n e rg ie s  ( 1 - 2  G e V / u )  v =  2 ) .  F o r  a  r e la t iv is t ic  p r o je c t i le  o f  208P b ,  th e  r .m .s .  
a n g u la r  m o m e n t u m  e x p e c t e d  to  b e  a c h ie v e d  fo r  p r o d u c t  n u c le i i n  th e  m a s s  re g io n  
1 8 0  -  2 0 0  is  ^  5  — 10 h. T h e  h ig h e s t  d is c re t e  s p in  re p o r t e d  to  d a t e  in  a  p r o d u c t  
o f  a  f r a g m e n t a t io n  re a c t io n  is  ~  h , f ro m  th e  d e c a y  o f  is o m e rs  in  179W  [52] a n d  
175H f  [53], f o llo w in g  th e  fra g m e n t a t io n  o f  a  1 G e V / u  208P b  b e a m  [54] a t th e  F R S  
(t h e  s a m e  c o n d it io n s  a s u s e d  in  th e  p re s e n t w o rk ).
U n t i l  re c e n t ly  it  w a s t h o u g h t  t h a t  t a rg e t  m a t e r ia l  h a d  o n ly  a  v e r y  m in o r  
in flu e n c e  o n  th e  p r o d u c t s  r e s u lt in g  fro m  fra g m e n t a t io n ,  in  th e  e n e rg y  re g im e  o f  
l im it in g  f r a g m e n t a t io n  ( 1-2 G e V / u ) .  H o w e v e r, L a fo re s t  et al. [55] fo u n d  t h a t  
i f  th e  s a m e  f r a g m e n t a t io n  re a c t io n  w a s  c a r r ie d  o u t  tw ic e , f ir s t ly  u s in g  a  112S n  
ta rg e t, a n d  t h e n  w it h  a  124S n  ta rg e t ,  th e  r a t io  o f  L i  is o t o p e s  p r o d u c e d  ( 7L i  a n d  
6L i )  sh o w e d  a  la r g e r  y ie ld  o f  n e u t r o n - r ic h  is o t o p e s  fro m  th e  n e u t r o n - r ic h  t a rg e t .  
T h i s  t r e n d  w a s  a lso  o b s e rv e d  fo r  o t h e r  is o to p e s , n o t a b ly  fo r  28S i, 29S i a n d  fo r  7B e ,  
9B e . T h e  d iffe re n t  re s u lt s  o b t a in e d  f r o m  th e  2 t a rg e t s  in d ic a t e  t h a t  th e  n a t u r e  o f
p r o d u c t  fra g m e n t s  is  n o t  s o le ly  d e p e n d e n t  o n  th e  a b la t io n  sta g e , b u t  a ls o  o n  th e
n e c k  b r e a k - u p  d u r in g  a b ra s io n .
Is o t o p e s  fo rm e d  in  p r o je c t i le  f ra g m e n t a t io n  c a n  o n ly  b e  s p e c t r o s c o p ic a lly  in ­
v e s t ig a t e d  w it h  g o o d  e n e rg y  re s o lu t io n  i f  t h e y  a re  s e p a ra t e d  f r o m  th e  b e a m  a n d  
o t h e r  re a c t io n  p r o d u c t s  a n d  s t o p p e d  in  v ie w  o f  7- r a y  d e te c to rs . T h i s  is  a c h ie v e d  
u s in g  a n  a c h r o m a t ic  m a g n e t ic  s p e c t r o m e t e r  [56], in  o u r  ca se , th e  F R S .
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3.3 Heavy Ion A cceleration a t GSI
T h e  p r o je c t i le  F ra g m e n t  S e p a r a t o r  ( F R S )  [58] w a s  in s t a lle d  a t  G e s e lls c h a f t  f i i r  
S c h w e rio n e n fo rs c h u n g  ( G S I )  as p a r t  o f  th e  h ig h  e n e rg y  S I S / E S R  f a c ilit y .  T h e  S IS  
s y n c h r o t r o n  c a n  a c c e le ra t e  io n s  o f  a l l  e le m e n ts  a t  h ig h  e n e rg y : u r a n iu m  (Z  =  9 2 )  
c a n  b e  a c c e le ra t e d  u p  to  1 G e V / u  a n d  n e o n  (Z  =  1 0 ) c a n  b e  a c c e le ra t e d  u p  to  2 
G e V / u .
F ig u r e  3 .2  is  a  s c h e m a t ic  re p re s e n t a t io n  o f  th e  a r ra n g e m e n t  o f  th e  e x p e r im e n ­
t a l  a re a s  a t  G S I .  T h e  l in e a r  a c c e le ra t o r ,  U N I L A C  is  u s e d  a s  a n  io n  in je c t o r  o f  
h e a v y  io n s  fo r  th e  S IS  s y n c h ro t ro n . S e c o n d a ry  b e a m s  o f  r a d io a c t iv e  is o t o p e s  a re  
p r o d u c e d  b y  p r o je c t i le  f r a g m e n t a t io n  a n d  s e p a ra t e d  b y  th e  F R S .  T h e  s e p a ra t e d  
io n s  c a n  t h e n  b e  e it h e r  s t u d ie d  a t  th e  f in a l fo c a l p la n e  o f  th e  F R S  o r  in je c t e d  
in t o  th e  E x p e r im e n t a l  S t o ra g e  a n d  C o o le r  R in g ,  E S R ,  b e fo re  b e in g  d e liv e re d  to  
o t h e r  e x p e r im e n t a l a re a s.
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ACCELERATOR FACILITIES 
AND EXPERIMENTAL AREAS
P E N N I N G ,  E C R  IO N  S O U R C E
C H O R D I S  &
M E V V A  
IO N  S O U R C E S
H LI
U N I L A C
50 m
L O W  E N E R G Y
E X P E R I M E N T A L
A R E A
gj P L A S M A  
1  P H Y S I C S
R A D I O T H E R A P Y  
C A V E  A
T A R G E T
A R E A
P I O N  P R O D -  
T A R G E T
H A D E S
C A V E  C
C A V E  B
F ig u r e  3 .2 : A c c e le r a t o r  la y -o u t  a t G S I  ( f ro m  re f. [59 ]), in c o r p o r a t in g  th e  U N I ­
L A C ,  th e  S I S / F R S  fa c ilit y ,  th e  F R S  a n d  re la te d  e x p e r im e n t a l a re a s.
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3.3.1 The FRS
T h e  F R S  is  a  h ig h  re s o lu t io n ,  f o r w a r d - f o c u s s in g  m a g n e t ic  s p e c t r o m e t e r .  I t  c o n ­
s is t s  o f  f o u r  id e n t ic a l m a g n e t ic  d ip o le s ,  a l l  w it h  a  d e fle c tio n  a n g le  o f  3 0 °  in  a  
c o n f ig u r a t io n :  Q Q Q D iQ Q  -  Q Q D 2Q Q Q  -  Q Q Q D 3Q Q  -  Q Q D 4Q Q Q ,  w h e re  Q s  
a re  q u a d r u p o le  fo c u s s in g  m a g n e t s  a n d  D s  a re  d ip o le  m a g n e t s . I t  is  s y m m e t r ic  
w it h  re s p e c t  to  th e  c e n t ra l d is p e r s iv e  f o c a l  p la n e  (see F ig u r e  3 .3 ) .  T h e  F R S  is  
o p e ra t e d  in  a n  a c h r o m a t ic  m o d e  [57], in  b o t h  p o s it io n  a n d  a n g le . T h i s  m e a n s  
t h a t ,  to  f irs t  o r d e r  a p p r o x im a t io n ,  b o t h  s e c o n d a ry  b e a m  p o s it io n  a n d  a n g le  a t  
th e  f in a l  f o c a l p o in t  a re  in d e p e n d e n t  o f  th e  e n e rg y  o f  th e  p a r t ic le s .  T h i s  is  e n ­
s u re d  b y  s e t t in g  a n  a c h r o m a t ic  d e g r a d e r  b e tw e e n  th e  d ip o le  m a g n e t s  (see F ig u r e  
3 .4 ),  w h ic h  is  u s e d  to  im p o s e  e n e rg y  lo s s  as a n  a r b it r a r y  f u n c t io n  o f  th e  m a g n e t ic  
r ig id it y ,  B p  o f  th e  io n s.
T h e  p r in c ip le  o f  a n  a c h r o m a t ic  s p e c t r o m e t e r  w a s  f irs t  a p p lie d  b y  A n n e  et 
al. a t  G A N I L  [61] a n d  a  v e r y  d e t a ile d  s t u d y  o f  th e  m e t h o d  w a s  c a r r ie d  o u t  b y  
S c h m id t  et al. [60], w it h  d ir e c t  r e la t io n  to  th e  d e v e lo p m e n t o f  th e  F R S  p r o je c t  
a t  G S I .
T h e  A c h r o m a t i c  D e g r a d e r
T h e  in t e r m e d ia t e  d e g r a d e r  is  a n  in t r ic a t e  p ie c e  o f a p p a r a t u s  fo rm e d  fro m  th re e  
d is t in c t iv e  p a r t s  to  a llo w  s lo p e  a n d  th ic k n e s s  to  b e  o p t im iz e d  f o r  e a c h  in d i v id u a l  
e x p e r im e n t  (see F i g  3 .4 ).  T h e  f ir s t  p a r t  o r  ‘la d d e r ’ is  o f  h o m o g e n o u s  t h ic k n e s s  
a n d  d iffe re n t  ‘r u n g s ’ a re  u t il is e d  a c c o r d in g  to  th e  t h ic k n e s s  re q u ire d . T h e  s e c o n d  
p a r t  is  m a d e  u p  o f  tw o  w e d g e -s h a p e d  d is c s  w h ic h  c a n  b e  r o t a t e d  s im u lt a n e o u s ly  in  
o p p o s it e  d ire c t io n s .  T h e s e  f a c il it a t e  th e  a d ju s t m e n t  o f  th e  a n g le  o f  th e  d e g ra d e r.  
I n  p a r t  th re e , th e  w e d g e s o v e rla p  a s m u c h  o r as l it t le  as r e q u ir e d  to  f u r t h e r  a d ju s t  
th e  t h ic k n e s s  o f  th e  d e g ra d e r.
T h e  e n e rg y  lo s s  in  th e  d e g r a d e r  is  d if fe re n t ia l:  p a r t ic le s  w it h  h ig h e r  m o m e n ­
t u m  e x p e r ie n c e  g r e a t e r  t h ic k n e s s  o f  m a t e r ia l.  T h e  t h ic k n e s s  is  c h o s e n  so t h a t
l s t  sta g e  2n d  s ta g e
CHAPTER 3. EXPERIMENT AND ANALYSIS METHODOLOGY 30
D i
F ig u r e  3 .3 : C r o s s - s e c t io n  t h ro u g h  th e  F R S  (fro m  r e f  [46 ]). D ip o le  m a g n e t s  in  
th e  f irs t  s ta g e  s e le c t io n s  a c c o r d in g  to  p /Q  a n d  fo c u s  th e  b e a m . T h e  d e g ra d e r  
in  th e  in t e r m e d ia t e  f o c a l- p la n e  p re s e rv e s  th e  a c h r o m a t ic it y  o f  th e  s p e c t ro m e t e r.  
F u r t h e r  s e le c t io n  is  p r o v id e d  b y  th e  s e c o n d  stag e .
p a r t ic le s  w h o se  m a s s  a n d  c h a rg e  l ie  in  th e  re g io n  o f  in te re s t, b u t  h a v e  d iffe re n t  
m o m e n ta , h a v e  th e  s a m e  v e lo c it y  a ft e r  th e  d e g ra d e r. I t  v a r ie s  in  th e  d ir e c t io n  o f  
th e  d is p e r s io n  a n d  th e  p r o f ile  is  c h o s e n  so  t h a t  th e  m o m e n t u m  d is p e r s io n  b e h in d  
th e  f ir s t  s ta g e  is  c o m p e n s a t e d  b y  th e  se c o n d  set o f  d ip o le  m a g n e ts .
T h e  F i r s t  M a g n e t i c  S e l e c t i o n
S e p a r a t io n  is  a c h ie v e d  b y  a p p ly in g  a  m a g n e t ic  fie ld  p e r p e n d ic u la r  to  th e  d ir e c t io n  
o f  th e  b e a m  o f  f ra g m e n t a t io n  p r o d u c t s  [62]. C h a rg e d  fra g m e n t s  a re  d e fle c te d  in  
th e  m a g n e t ic  fie ld , B  b y  a  fo rce , F  =  B Q v , w h e re  Q  is  th e  c h a rg e  a n d  v  is  th e  
v e lo c it y  o f  th e  p a r t ic le .  T h e  m o t io n  is  c ir c u la r ,  w it h  a  c e n t r ifu g a l fo rc e ,
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F ig u r e  3 .4 : T h e  w e d g e -s h a p e d , in t e r m e d ia t e  d e g ra d e r, m a d e  u p  o f  th re e  d is t in c t  
p a rt s :  la d d e r,  d is c s  a n d  w e d g e s (fro m  re f. [46 ]).
w h e re  A  is  th e  m a s s  o f  th e  fra g m e n t  a n d  p is  th e  r a d iu s  o f  c u r v a t u r e  o f  th e  
s p e c t ro m e t e r.  I t  fo llo w s  th e n , t h a t  th e  m a g n e t ic  r ig id it y  o f  th e  f ir s t  s ta g e  o f  th e  
F R S  c a n  b e  se t to:
(3 -3 )
T h e  fra g m e n ts , o n  e x it in g  th e  ta rg e t  a n d  p a s s in g  t h ro u g h  th e  f ir s t  tw o  d ip o le  
m a g n e ts , h a v e  a  m o m e n t u m  d is t r ib u t io n  o f  m e a n  v a lu e  p i.  T h e  m o m e n t u m  a c ­
c e p t a n c e  o f  th e  F R S  is  ±  1 %  o f  th e  c o r re s p o n d in g  v a lu e  o f  th e  c e n t r a l t r a je c t o r j ',  
so  th e  v a r ia t io n  in  A /Q  is  e s s e n t ia lly  l im it e d  b y  th e  w id t h  o f  th e  d is t r ib u t io n  in  
m o m e n ta . S e le c t io n  is  m a d e  a c c o r d in g  to  th e  m o m e n t u m -t o -c h a rg e  r a t io  ( p / Q ) ,  
so  a  g re a t  n u m b e r  o f  fra g m e n t s  w it h  n e ig h b o u r in g  A /Q  r a t io  a re  t r a n s m it t e d  a t  
th e  s a m e  t im e  as th o s e  w h ic h  a re  re q u ire d ,  a n d  a  se c o n d  s e le c t io n  is  n e c e ssa ry .
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T h e  S e c o n d  M a g n e t i c  S e l e c t i o n
T h e  fra g m e n t s  t r a n s m it t e d  b y  th e  f ir s t  p a ir  o f  d ip o le s  in to  th e  s e c o n d  s ta g e  h a v e  
d iffe re n t  m o m e n ta , p 2, a ft e r  b e in g  s lo w e d  d o w n  [63]. T h e y  c a n  th e re fo re  b e  
s e p a r a t e d  in  t h is  s e c o n d  sta g e , fo llo w in g  th e  d e g ra d e r, b y  a  f u r t h e r  s e le c t io n  in  
m a g n e t ic  r ig id it y ,  B p 2. T h e  f ie ld  in  th e  la s t  p a ir  o f  d ip o le  m a g n e t s  s h o u ld  b e  
f ix e d  so th a t:
w h e re  B p  is  th e  m a g n e t ic  r ig id it y  o f  p a r t ic le s  a t  th e  o p t ic a l a x is ; x x a n d  x 2 a re  
th e  h o r iz o n t a l p o s it io n s  a t  th e  in t e r m e d ia t e  a n d  f in a l fo c u s , re s p e c t iv e ly . T h e  
m a g n if ic a t io n ,  V2 a n d  d is p e rs io n ,  D 2 o f  th e  s e c o n d  s ta g e  w e re  1 .0 9 4  a n d  6 .9 69  
m m  p e r  %  in  o u r  e x p e r im e n t , re s p e c t iv e ly . T h e  m a s s -t o -c h a rg e -r a t io ,  A / Q  is  
t h e n  g iv e n  b y  [64]:
w h e re  e is  th e  e le m e n ta ry  c h a rg e , u  is  th e  a t o m ic  m a s s  u n it ,  j3 — v / c  (w h e re  v  is  
th e  v e lo c it y  o f  a n  io n ),  a n d  7 is  th e  L o r e n t z  f a c t o r  (7 =  l / \ / l  — /32).
I n  th e  m a in ,  fra g m e n t s  e x it  th e  t a rg e t  c o m p le t e ly  io n is e d  (Q  =  Z )  (th e  p r o ­
p o r t io n  o f  f u l ly - s t r ip p e d  io n s  c a n  b e  g re a te r  t h a n  9 5 %  a t  r e la t iv is t ic  e n e rg y ).  
T h is  im p lie s  t h a t  m o s t  o f  th e  io n s  t h a t  a re  n o t  f u l ly - s t r ip p e d ,  h a v e  p ic k e d  u p  o n e  
e le c t ro n  (o r  m o re ) d u r in g  t h e ir  f lig h t -p a t h .
3.4 The Experim ent
A  208P b  p r im a r y  b e a m  a t  1 G e V / u  im p in g e d  o n  a  1.6  g / c m 2 b e r y l l iu m  t a rg e t  
w h ic h  w a s lo c a t e d  a t  th e  e n t ra n c e  o f  th e  F R S  [65], T h e  a v e ra g e  p r im a r y  b e a m  
in te n s ity , a s  m e a s u re d  b y  a  s e c o n d a ry  e le c t ro n  m o n it o r  ( S E E T R A M ) ,  v a r ie d  b e ­
tw e e n  1 x  106 io n s  p e r  s p il l,  w h e n  fra g m e n t s  c lo se  to  s t a b il it y  w e re  s e le c te d , a n d  
2 x  1 0 s io n s  p e r  s p i l l  a t  s e t t in g s  o n  n u c le i v e ry  f a r  fro m  th e  l in e  o f  s t a b ilit y .  T h e
( 3 .4 )
( 3 . 5 )
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F ig u r e  3 .5 : S c h e m a t ic  o f  th e  F R S  s e t -u p . T h e  b e a m  im p in g e s  o n  th e  ta rg e t ,  
w h e re  th e  f ra g m e n t a t io n  re a c t io n  o c c u rs .  P a r t ic le s  a re  s t r ip p e d  b y  th e  n io b iu m  
fo il.  T h e  f irs t  s ta g e  o f  th e  F R S  m a k e s  th e  p r im a r y  s e le c t io n  o f  th e  io n s  o f  in te re s t.  
T O F  is  re c o rd e d  b e tw e e n  S C 21 a n d  S C 4 1 .  T h e  in t e r m e d ia t e  d e g r a d e r  a llo w s  th e  
s y s t e m  to  b e  a c h ro m a t ic .  M W 1  a n d  M W 2 a re  u se d  to  g iv e  s p a t ia l  c a l ib r a t io n .  
T h e  M U S I C  p r o v id e s  s e p a r a t io n  a c c o r d in g  to  ch a rg e . T h e  f in a l d e g r a d e r  l im ­
it s  th e  b r e m s s t r a h lu n g  a t  th e  c a t c h e r.  F o u r  g e rm a n iu m  d e te c t o rs  s u r r o u n d  th e  
a lu m in iu m  p la t e  w h e re in  io n s  a re  im p la n t e d . S C 4 3  a c t s  as a  v e to .
t y p ic a l  le n g t h  a n d  r e p e t it io n  p e r io d  o f  a  s p i l l  w e re  4 a n d  10  se c o n d s, re s p e c t iv e ly .
T h e  F R S  w a s o p e ra te d  in  s t a n d a r d  a c h r o m a t ic  m o d e  w it h  a n  a lu m in iu m  
w e d g e -s h a p e d  d e g r a d e r  a t th e  in t e r m e d ia t e  fo c a l p la n e . T h e  t h ic k n e s s  o f  th e  d e ­
g r a d e r  a t  th e  o p t ic a l a x is  w a s se t to  4 .4  g / c m 2 a n d  w a s k e p t c o n s t a n t  t h ro u g h o u t  
th e  e x p e r im e n t . I n  o r d e r  to  in c re a s e  th e  s t r ip p in g  c ro s s -s e c t io n , n io b iu m  fo ils  o f  
t h ic k n e s s  221 m g / c m 2 a n d  10 8  m g / c m 2 w e re  m o u n te d  d o w n s t re a m  fro m  th e  t a r ­
g e t a n d  d e g ra d e r, re s p e c t iv e ly . T h e  p r o b a b il it y  o f  a n  io n  b e in g  f u l ly - s t r ip p e d  o f  
e le c t ro n s  in  b o t h  s e c t io n s  o f  th e  F R S  w a s c a lc u la t e d  to  b e  a b o u t  96 %  a n d  88 % , 
re s p e c t iv e ly ,  w it h  th e  G L O B A L  c o d e  [66]. T h e  a c c u r a c y  o f  t h is  c o d e  w a s te s te d  
b y  m e a s u r in g  th e  in t e n s it ie s  o f  th e  f u lly - s t r ip p e d ,  h y d r o g e n -lik e  a n d  h e liu m - lik e  
c h a rg e  s t a te s  o f  th e  p r im a r y  b e a m  a n d  a n  e x c e lle n t  a g re e m e n t b e tw e e n  c a lc u la t e d
S C 21 N b
M U S IC
S C 42  V  
S C 41n  \ G e  3 / /  S C 43
c a tch e r
in te rm e d iate
d e g ra d e r
M W 1 M W 2
f in a l L—f
d e g ra d e r
G e  T
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a n d  m e a s u re d  v a lu e s  w a s  fo u n d .
F i g  3 .5  sh o w s th e  d e t e c t o r  s e t-u p . E a c h  c o m p o n e n t  in  th e  b e a m  p a t h  w a s  c r u ­
c ia l  in  th e  in -f l ig h t  id e n t if ic a t io n  o f  io n s . A  5 m m  t h ic k  p la s t ic  s c in t il la t o r  ( S C 21) 
w a s m o u n te d  a t  th e  in t e r m e d ia t e  f o c a l p la n e . T h i s  s e rv e d  fo r  t im e -o f-f lig h t  ( T O F )  
a n d  p o s it io n  m e a s u re m e n t s . D u r in g  th e  p r e p a r a t io n  o f  th e  s e t -u p  t h is  s c in t il la t o r  
w a s s a n d w ic h e d  b e tw e e n  tw o  m u lt i- w ir e  p r o p o r t io n a l c o u n t e rs  ( M W P C )  w h ic h  
w e re  u t il is e d  to  g iv e  p o s it io n  c a lib r a t io n  in  th e  h o r iz o n t a l d is p e r s iv e  d ir e c t io n  o n  
th e  s c in t il la t o r .  T h e s e  p o s it io n - s e n s it iv e  d e te c to rs  w e re  re m o v e d  w h e n  th e  a c t u a l  
e x p e r im e n t  w a s  ru n , so as n o t  to  d e s t ro y  t h e m  w it h  th e  h ig h  b e a m  in te n s ity . T h i s  
a ffo rd e d  th e  r e c o r d in g  o f  p o s it io n  m e a s u re m e n t  a t  S C 21.
A  f o u r - fo ld  io n is a t io n  c h a m b e r  ( M U S I C )  [67] p r o v id e d  e n e rg y -lo s s  in f o r m a ­
t io n  ( A E )  a t  th e  f in a l fo c u s . I t  w a s s a n d w ic h e d  b e tw e e n  tw o  M W P C s  ( M W 1 
a n d  M W 2 )  w h ic h  y ie ld e d  h o r iz o n t a l a n d  v e r t ic a l  p o s it io n s . A  p la s t ic  s c in t il la t o r  
( S C 4 1 )  o f  5 m m  t h ic k n e s s  d e liv e re d  th e  s e c o n d  T O F  s ig n a l a n d  th e  t r ig g e r  fo r  
th e  a c q u is it io n  s y s te m .
I n  o r d e r  to  m in im is e  b r e m s s t r a h lu n g  e ffe cts  a n d  m a x im is e  th e  p r o b a b il it y  o f  
s t o p p in g  th e  io n s  o f  in t e r e s t  in  th e  z -s h a p e d  c a t c h e r, th e  p a r t ic le s  w e re  s lo w e d  
d o w n  in  th e  f in a l d e g ra d e r. T h i s  c o n s is t s  o f  2 p ie c e s  o f  a lu m in iu m  o f  v a r ia b le  
t h ic k n e s s  w h ic h  to g e t h e r w e re  se t to  a  t o t a l t h ic k n e s s  b e tw e e n  4 .4  g / c m 2 a n d  5 g  
/ c m 2 (d e p e n d in g  o n  th e  s e t t in g  o f  th e  F R S ) .
T w o  f u r t h e r  p la s t ic  s c in t il la t o r s  ( S C 4 2  a n d  S C 4 3 )  w e re  m o u n t e d  e it h e r  s id e  
o f  th e  c a t c h e r  a n d  u s e d  to  v e r if y  t h a t  a l l  se le c te d  io n s  w e re  s t o p p e d  t h e re in . T h e  
c a t c h e r  p la t e  m e a s u re d  20 c m  b y  10 c m  a n d  w a s th u s  la r g e  e n o u g h  to  s t o p  a ll  
th e  h e a v y  fra g m e n t s  t r a n s m it t e d  s im u lt a n e o u s ly  a t a n y  o n e  F R S  s e tt in g .
T h e  c a t c h e r  w a s z -s h a p e d  in  o r d e r  to  f it  t ig h t ly  w it h in  th e  7- r a y  d e t e c t o r  
a rra y , t h e re b y  m a x im is in g  th e  c ro s s -s e c t io n  o f  e v e n t d e te c tio n . I t  w a s s u r r o u n d e d  
b y  f o u r  c lo v e r-s t y le  E X O G A M  p r o t o t y p e  g e rm a n iu m  d e t e c t o rs  [68] a n d  a  la rg e  
v o lu m e  G S I  ‘S u p e r  C lo v e r ’ (se e  F ig u r e  3 .6 ).  E a c h  d e te c to r  c o n s is te d  o f  4  s e p a ra t e  
g e r m a n iu m  c r y s t a ls .  A  se t o f  m e a s u re m e n t s  w it h  a  lo w  in t e n s it y  p r im a r y  b e a m
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F ig u r e  3.6 : G e r m a n iu m  d e t e c t o r  a r r a y  a t  th e  f in a l fo c u s  o f  th e  F R S .  N o te  th e re  
a re  tw o  d e t e c to rs  a b o v e  th e  z -s h a p e d  c a t c h e r,  o n e  to  th e  s id e , a n d  a  s u p e r c lo v e r  
b e lo w .
(•208 p b )  0 f  d iffe re n t  e n e rg ie s  w a s p e rfo rm e d  p r io r  to  th e  is o m e r p r o d u c t io n  r u n s  in  
o r d e r  to  t u n e  a ll  th e  id e n t if ic a t io n  d e te c to rs  a n d  th e  s p e c t ro m e t e r.  T h i s  a llo w e d  
a n  a b s o lu t e  c a l ib r a t io n  o f  th e  T O F  a n d  e n e rg y  lo ss  ( A X ) ,  a s  w e ll a s  th e  h o r iz o n t a l  
p o s it io n s  at th e  in t e r m e d ia t e  a n d  f in a l fo c u s .
F o u r  s e t t in g s  o f  th e  F R S  w e re  fo c u s s e d  a r o u n d  h e a v y  n e u t r o n - r ic h  n u c le i,  a n d  
th e  re s u lt s  o b t a in e d  m a k e  u p  th e  b o d y  o f  t h is  w o rk . T a b le  3 .1  s h o w s  th e  t im e  
s p e n t  a t  e a c h  o f  th e  s e t t in g s  s t u d ie d .
T a b le  3 .1 : T a b le  o f  b e a m  t im e  fo r  e a ch  n e u t r o n - r ic h  s e t t in g .
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S e t t in g T im e  (h o u r s )
174Y b 8
170D y 39
101W 5 5
184L u 3 4
3.5 Nuclide Identification, Illu stra ted  w ith  th e  
174Yb Setting
T h e  p o s it io n  o n  S C 2 1  is  p lo t t e d  a g a in s t  A /Q  a llo w in g  a  s e le c t io n  o f  c h a rg e -s t a t e  
d iffe re n c e  b e tw e e n  th e  f irs t  a n d  s e c o n d  F R S  s e c t io n s  (see F ig u r e  3 .7 ) .  T h e r e  a re  
th re e  d is t in c t  g ro u p s  o f  io n s  re c o rd e d . T h e  f irs t  (a )  c o r r e s p o n d s  to  io n s  w h o s e  
c h a rg e  s t a t e  r e m a in e d  u n c h a n g e d  w h ile  p a s s in g  t h ro u g h  th e  d e g r a d e r  a n d  d e te c to r  
m a t e r ia ls  a t  th e  in t e r m e d ia t e  fo c u s . T h e s e  a re  p r e d o m in a n t ly  f u l ly - s t r ip p e d  io n s  
c o n t a m in a t e d  b y  s o m e  h y d r o g e n -lik e  io n s, w it h  a  n e g lig ib le  a m o u n t  o f  h e liu m - lik e  
io n s . T h e  n e ig h b o u r in g  g r o u p  o f  e v e n ts  ( b )  re p re s e n ts  io n s  w h ic h  p ic k e d  u p  a n  
e le c t ro n  a t  th e  in t e r m e d ia t e  fo c u s . H e re , th e  m a in  c o n t r ib u t io n  c o m e s  f ro m  f u lly -  
s t r ip p e d  io n s  e m e rg in g  fro m  th e  t a rg e t  s t r ip p e r  w h ic h  c h a n g e  to  h y d r o g e n -lik e  
in  th e  s e c o n d  sta g e . A  t h ir d  g r o u p  o f  e v e n ts  (c )  sh o w s io n s  w h ic h  a g a in  s t a r t e d  
o ff as f u lly - s t r ip p e d ,  b u t  p ic k e d  u p  tw o  e le c t ro n s  in  th e  s e c o n d  s ta g e  o f  th e  F R S ,  
a n d  a re  th e re fo re  re fe rre d  to  a s h e liu m -lik e .
T h e  p o s it io n  o n  S C 4 1  v e rs u s  A / Q  is  p lo t t e d  (see F ig u r e  3 .8 ).  M O C A D I  [69] 
w a s  u s e d  to  p r e d ic t  th e  id e n t it y  o f  th e  n u c lid e s  [70]. T h e  s im u la t io n  sh o w e d  t h a t  
e a c h  io n  w it h  m a s s  A  a n d  a t o m ic  n u m b e r  Z  h a s  a  s m a ll  c o n t a m in a t io n  f ro m  a  
n u c le a r  s p e c ie s  w it h  A  — 5 a n d  Z  — 1 w h ic h  is  t r a n s m it t e d  t h r o u g h  th e  F R S  a s a  
h y d r o g e n -lik e  io n . T h e  t h re e  d iffe re n t  c h a rg e  s t a te s  d e p ic t e d  in  F ig u r e  3 .7  w e re  
c h o s e n  in d e p e n d e n t ly  in  o r d e r  to  r e - in c re m e n t  th e  A /Q  v e rs u s  p o s it io n  o n  th e
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F ig u r e  3 .7 : A /Q  p lo t t e d  v e rs u s  p o s it io n  o n  S C 2 1 .  T h r e e  d is t in c t  c h a rg e  s t a t e s  a re  
e v id e n t : (a )  ‘ f u l ly - s t r ip p e d ’ ( io n s  w h ic h  re m a in  u n c h a n g e d  t h ro u g h  th e  s p e c t r o m ­
e t e r);  (b )  ‘h y d r o g e n -lik e ’ ( io n s  w h ic h  p ic k e d  u p  a n  e le c t ro n  a t th e  in t e r m e d ia t e  
fo c u s );  a n d  ( c )  ‘h e liu m - lik e ’ (th o s e  io n s  w h ic h  p ic k e d  u p  tw o  e le c t ro n s  in  th e  se c ­
o n d  s ta g e  o f  th e  s p e c t r o m e t e r ).  T h e  k e y  in d ic a t e s  th e  in t e n s it y  w it h  w h ic h  e a c h  
g r o u p  w a s re c o rd e d .
S C 4 1  m a t r ix ,  t h e re b y  a c h ie v in g  g o o d  s e p a r a t io n  b y  b o t h  e le m e n t a n d  is o t o p e  
(se e  F ig u r e  3 .9 ).
In  th e  o ff- lin e  a n a ly s is ,  b o t h  th e  M U S I C  a n d  S C 4 2  w e re  u s e d  to  s u p p re s s  
e v e n ts  fro m  fis s io n  fra g m e n ts . F ig u r e  3 .1 0  sh o w s th e  g a te s  t h a t  w e re  p la c e d  o n  
th e se  s p e c t r a  in  o r d e r  to  re m o v e  so m e  u n w a n te d  b a c k g ro u n d . T h e y  a re  m a rk e d  
w it h  a n  a r ro w  a n d  la b e lle d  ‘g o o d  e v e n t s ’ .
A  d e t a ile d  s t u d y  w a s u n d e rt a k e n  o f  th e  ro le  o f  th e  v e to  s c in t i l la t o r  ( S C 4 3 )  in  
th e  e x p e r im e n t ,  to  d e d u c e  w h e t h e r  o r  n o t it  c o u ld  b e u se d  to  s u p p re s s  c o n t a m ­
in a n t  e v e n ts. F ig u r e  3 .1 1  s h o w s th e  s p e c t r a l  o u t p u t  fro m  t h is  s c in t il la t o r .  T h e  
s c a le  o n  th e  x -a x is  is  n o t  k n o w n  as t h is  s c in t il la t o r  w a s n o t c a lib r a t e d .  F ir s t ly ,  
e v e n ts  re c o rd e d  in  c h a n n e l z e ro  w e re  is o la t e d  fro m  th e  re st o f  th e  e v e n ts  a n d  u se d
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F ig u r e  3 .8 : A /Q  p lo tt e d  v e rs u s  p o s it io n  o n  S C 4 1 .  C r o s s  c o n t a m in a t io n  l im it s  
p a r t ic le  id e n t if ic a t io n  a t t h is  stag e .
to  in c re m e n t  th e  M U S I C  s p e c t r u m  (se e  F ig u r e  3 . 1 2 ( a ) ) .  C h a n n e l  z e ro  re c o rd s  
a n  e v e n t w h e n e v e r a n  io n  is  n o t im p la n t e d  in  S C 4 3 .  (a )  s h o w s  t h a t  th e se  ‘n o t  
im p la n t e d ’ e v e n ts  w e re  re c o rd e d  u n if o r m ly  a c ro s s  th e  ra n g e  o f  Z  v a lu e s  re c o rd e d ,  
c o r r e s p o n d in g  to  h e a v y  io n s  t h a t  s t o p p e d  in  th e  z -s h a p e d  c a t c h e r.  T h e s e  a re  
g o o d  e v e n ts.
F ig u r e  3 . 1 2 ( b )  s h o w s t h a t  th e  lo w  e n e rg y  p a r t  o f  th e  S C 4 3  p r o f ile  d e p ic t s  
a  ra n g e  o f  e v e n ts, fa v o u r in g  th e  h e a v ie r  io n s. T h is  is  b r e m s s t r a h lu n g  d u e  to  
th e  s t o p p in g  o f  h e a v y  io n s  t h a t  m a n a g e d  to  p a s s  th ro u g h  th e  z -s h a p e d  c a t c h e r.  
A lt h o u g h  th e se  io n s  m a y  b e  o f  h ig h  Z , b y  th is  t im e  th e y  w il l  h a v e  l it t le  e n e rg y  
o r b e  b ro k e n  u p . G a t e  ( c )  sh o w s lo ts  o f  f is s io n  p r o d u c t s  a n d  m in im a l h ig h  Z  
io n s . T h i s  c o n f ir m s  t h a t  h ig h  Z  io n s  w o u ld  h a v e  b e e n  p r e f e r e n t ia lly  s t o p p e d  in  
th e  c a t c h e r,  a n d  s m a lle r ,  fa s t e r  io n s  w e re  m o re  l ik e ly  to  p a s s  t h ro u g h . G a t e  (d )  
sh o w s  s t a t is t ic a l ly  in s ig n if ic a n t  a m o u n t s  o f  b o t h  f is s io n  p r o d u c t s  a n d  h ig h  Z  io n s.  
A  c le a r  d iffe re n c e  c o u ld  n o t b e  e s t a b lis h e d  b e tw e e n  th e  s t o p p e d  io n s  a n d  th o se  
t h a t  w e n t t h ro u g h  to  S C 4 3 ,  so  n o  s o ftw a re  g a te s  w e re  ta k e n  o n  t h is  s c in t il la t o r ,
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Figure 3.9: Nuclide identification of the 174Yb setting. Identification was achieved 
with known isomers in the nuclides shown gated: 17r>Hf (fully-stripped charge 
state), 182W and 184W (hydrogen-like charge state).
and it was effectively eliminated from the data sort specification.
During the spill, ions arrived at random times at the final focus. The rate 
of detection at SC42 was always less than 1 kHz, so the average time between 
consecutive ions was larger than 1 ms. The electronic logical gate for 7 -ray 
detection was opened for a period of 80 ps after the arrival of a heavy ion at 
SC42, and all subsequent signals from particle and 7 -ray detectors which were 
read in this time period were stored as a single ‘event’. For each germanium 
detector crystal, the time between implantation and an associated detected 7 -rav 
(either prompt or delayed), was recorded over two time ranges, 0 - 8 ps (TDC) 
and 0 -80  ps (TAC), allowing correlation of isomeric 7 -rays with the identified 
ion. The timing was fast enough to strongly suppress room background and
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Figure 3.10: Spectra from the MUSIC (upper panel) and SC42 (lower panel) 
clearly show production of fission fragments and heavy ions.
radiation from other nuclei [3].
Figure 3.13 shows the timing on each of the crystals in clover 4, the germanium 
detector mounted from the side, for the a) TDC and b) TAC events. All but the 
first segment shown in each case are typical of the array. They show a large ‘peak’ 
of 200 and 150 channels FWHM for TDC and TAC, respectively, profiling each 
crystal’s response to the prompt burst of radiation. However, the first segment of 
this detector shows erratic behaviour: the prompt profile extends up to channel 
~  3000 in both the TDC and the TAC. Figure 3.14 shows how incorporating
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Figure 3.11: Energy loss spectrum from SC43. The spectrum can be divided into 
4 areas of interest: channel 0 (denoted (a) in Figure 3.12), b, c and d.
the crystal with poor timing in the data-sort affects results. Spurious activity 
is detected at low energy, which if not examined carefully could be confused for 
statistically significant events. Although Figure 3.14 shows y-ray energy spectra 
for 193 Re only, the effect is typical of what is seen for any of the isomers in this 
work. For this reason clover 4, segment 1 was eliminated from the off-line data 
analysis.
The method was sensitive to isomers with half-lives of the order of hundreds of 
nanoseconds up to one millisecond. The lower limit is theoretically determined by 
the TOF through the FRS (approximately 300 ns), although in practice shorter 
lifetimes were recorded (see Chapter 5). The upper limit is about 10 times the
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Figure 3.12: MUSIC spectra, incremented with different software gates on SC43. 
The gates shown in Figure 3.11 were used.
duration of the TAG.
Figure 3.15 illustrates the room background detectable at the FRS cave at 
GSI, and the isotopes to which the radiation is due [71,72]. Background radiation 
is impossible to eliminate entirely. It is due to the natural radioactivity of the 
constituent materials of the detectors, supports and shielding, the air around the 
detectors and the walls and ground of the cave.
To select 7 -1'ay events from individual nuclides, gates were taken around each 
group of particle events (see Figure 3.9) and TDC or TAC versus energy matrices 
were incremented, (see Chapter 4), having been corrected for 7 -ray time-walk 
(which occurs when events exhibit slower timing at lower energies) [73,74]. The 
matrices were then projected onto the y-axis to determine the decay energies. 
Known isomers in 176Hf, 182W and 184W were recognised and their spectra are 
illustrated in Figures 3.16, 3.18 and 3.20, respectively. Time projections were
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Figure 3.13: Time spectra for each segment in clover 4 are shown for a) TDC and 
b) TAC events. Segments 2 , 3 and 4 have good timing and are representative of 
the time profiles for each of the segments of clovers 1, 2 and 3. The lst segment 
in clover 4 shows erratic timing for both TDC and TAC events. This crystal was 
therefore eliminated from the analysis.
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Figure 3.14: Gamma-ray energy spectra for 193Re, demonstrating erronous effects 
produced by the first segment of clover 4. The upper picture shows increased 
counts at low energy, including ‘false peaks’.
also made to measure the half-lives, and these are shown in the inserts of these 
figures. Having identified the three known isomers it was possible to identify the 
remainder ion groups in the fully-stripped and hydrogen-like charge states of this 
setting. However, a method was required to identify the ions in the helium-like 
charge-state where no isomer was already known (see later).
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Figure 3.15: Background 7 -ray activity detected during the experiment. The 
source of contamination is annotated [71,72].
CHAPTER 3. EXPERIMENT AND ANALYSIS METHODOLOGY  46
20 
18 
16 
14
sn 12c
§ 1 0
Z 8 
6 
4 
2 
0
0 200 400 600 800 1000
Energy (keV)
Figure 3.16: Gamma-ray energy spectrum for 176Hf. The time range is 1 - 67 ps. 
The inset shows t\j2 = 22.2 ±  14.0 ps.
Figure 3.16 shows the data recorded for 176Hf. The insert gives a half-life 
measurement of 22.2 ±  14.0 ps. This is the approximate sum of the half-lives 
for the I< =  6+ isomer (9.6 ±  0.3 ps) and the K =  8“ isomer (9.9 ±  0.2 ps), 
both recorded by Khoo et al. [12]. The half-life was found by summing the time 
projections of the 7 -rays at 88.5, 202.1 and 307.0 keV. All the decay lines shown 
in Figure 3.17 are seen in the 7 -ray spectrum (Figure 3.16), except for the El 
transition depopulating the K  — 8“ isomer, which is highly electron converted. 
The long half-life calculated and the 173 keV line provide evidence that both the 
2 quasi-proton and 2 quasi-neutron isomers are populated.
Figure 3.18 shows the 7 -ray information found for 182W. The IC* =  10+ 
isomer [75] was populated (see Figure 3.19). Both the 518 and the 1086 keV lines 
depopulating the isomer are observed. The line at 58.4 keV is due to tungsten X- 
rays and confirms the Z identification. A half-life of 1.2 ±  0.2 ps was determined, 
corresponding well to the literature [75].
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Figure 3.17: Partial level scheme for 176Hf. The y-ray energies are from ref. [12].
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Figure 3.18: Gamma-ray energy spectrum for 182W. The time-projection (inset) 
gives a half-life of 1.2 ±  0.2 (is, corresponding well to the value of 1.4 ±  0.1 (is 
recorded by R. Nordhagen et ai [75]. The time range was taken between 0 and 
7 (is.
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Figure 3.19: Partial y-ray level scheme for 182W with energies from ref. [7 5 ]
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Figure 3.20: Gamma-ray energy spectrum for 184W. The time-projection (inset) 
gives a half-life of ^  8 ps.
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Figure 3.21: Partial 7 -ray level scheme for 184W, with energies from ref. [76].
Figure 3.20 shows the 7 -ray energy spectrum for 184W. The half-life of the 
K  = 5“ isomer (see Figure 3 .21) was shown to be 8.3 ±  0.2 ps by J. Glatz et al. 
[76]. The insert shows the half-life fit found in these data to be ^ 8 ps.
Table 3.2 summarises the results obtained from the setting of the FRS op­
timised for the transmission of 174Yb. The energies of transitions found and 
corresponding measured half-lives are given to compare with what is known from 
the literature.
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Table 3.2: Summary of results from the 174Yb setting. X7 denotes the energy of a 
transition as deduced from the data set; where available, X-ray energies are also 
given. Half-lives quoted from the literature are given in brackets. The charge 
states (C. S.) are given in each case (F: fully-stripped; H: hydrogen-like).
Nucleus X7 (keV) Published 
energy (keV)
t\/2 C. S.
176Hf 88.5 ±  1.0 88.3 both isomers: F
202.1 dz 0.3 201.8 22.2 zk 14.0 (is
307.0 ±  0.4 306.7 K* — 6+ isomer:
735.9 dz 0.7 736.2 (9.6 zk 0.3 (is [12])
172.5 dz 0.8 172.8
[77]
K n = 8~ isomer: 
(9.9 zk 0.2 (is [12])
182^ y 58.4 dz 0.5 58.8 I<n = 10+ isomer: H
100.6 dz 0.4 100.1 1.2 dz 0.2 (is
229.9 dz 0.3 229.3 (1.4 ±  0.1 (is [75])
351.4 dz 0.3 351.1
463.6 dz 0.3 463.9
567.1 zk 0.7 567.5
1086.0 dz 2.0 1086.5
517.9 dz 0.4 519.0 [78]
184W 111.5 dz 0.4 111.2 K* = 5“ isomer: H
253.7 dz 0.3 252.8 ~ 8 (is
920.6 920.9 [79] (8.3 dz 0.2 (is [76])
The MUSIC spectrum was incremented for various ion gates in order to es­
tablish the calibration of the MUSIC spectrum channel number, in relation to 
AE and therefore Z2 (See Figures 3.22 and 3.23). Figure 3.22 (a) shows hafnium
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isotopes used as a pointer, indicating the Z =  72 channel number. The tung­
sten ions from the hydrogen-like setting showed the relation between Z — 74 
and channel number in (b). The ‘good’ events selection for the MUSIC (defined 
in Figure 3.10) is incremented in (c) and shows that the identification of Z can 
now be achieved for the entire setting. Figure 3.23 shows the MUSIC spectrum 
incremented for (a) fully-stripped, (b) hydrogen-like and (c) helium-like charge 
states. The Z to channel number relation is confirmed and Z identification is 
complete. The mass of isotopes was then established from A/Q calibrations (see 
Figure 3.9).
Pfiitzner et al. [70] advocate the use of further gates on the MUSIC, around 
each Z peak. This can remove contamination across the elements, rather than 
between isotopes of the same element, but it also removes useful counts. In order 
to maintain statistics, such additional software gates were not incorporated in this 
work. Contamination between isotopes of the same element is accounted for and 
recognized. Contamination between elements is also possible, but greatly differ­
ing lifetime ranges of ‘neighbouring’ isomers effectively eliminated this potential 
problem.
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Figure 3.22: Calibration of the MUSIC for Z identification using known elements. 
Calibration is achieved by software gating on strips of identified elements, (a) 
shows the channel number corresponding to hafnium isotopes (Z =  72); (b) shows 
the Z calibration point for the tungsten (Z =  74). (c) shows the ‘good events’ 
section of the MUSIC spectrum (as defined in Figure 3.10). All the peaks could 
be labelled with confidence, once the hafnium and tungsten Z calibration points 
had been established.
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Figure 3.23: Calibration of the MUSIC for Z identification using charge-states. 
Complete Z identification is achieved by gating on different charge states and 
incrementing the MUSIC spectrum. In (a), the fully-stripped charge-state of 
the 174Yb setting has been used as a gate to increment the MUSIC spectrum. 
Similarly, (b) depicts the hydrogen-like charge-state, and (c) shows the helium­
like charge-state.
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3.6 The Efficiency Calibration
The effective 7 -ray efficiency at different points on the catcher was measured be­
cause nuclei were implanted at different horizontal positions. Efficiency curves for 
each crystal were measured by placing a calibration source at five different posi­
tions along both the front and the back of the catcher, in the mid-horizontal plane. 
The values from both front and back were averaged and a parabolic interpolation 
[70] was applied to determine the efficiency curves for each crystal and for any 
position of the radiation source. Blocking of the detectors occurred when ions 
were implanted, as a prompt burst of radiation from X-rays and bremsstrahlung 
was observed. This meant that for any given ion stopped in the catcher, a sig­
nificant number of germanium crystals detected, and processed, a prompt event, 
and were unavailable for processing isomeric events. This effective dead time of 
the data acquisition is significant and must be taken into account. It varied from 
2 - 50%, depending on the count rate, greatly reducing the effective efficiency of 
the array. The likelihood or multiplicity, Mpr for crystals being ‘blocked’ by the 
burst was determined from the TAC versus energy spectra for each isomer, as 
the ratio of prompt gamma events to the number of identified ions.
Mpr =  ^ -  (3.6)
where Npr is the total number of prompt events in the TAC for the sum of the 
entire Ge array, and Nm is the total number of events recorded for the isomer of 
interest at SC41. As 15 detector crystals were used, the total effective efficiency 
is therefore:
(3.7)
where e7; is the efficiency of the 7 -ray detector array measured with calibration 
sources. This was calculated for each isotope at its average position [70] (see Fig
3.24).
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Figure 3.24: Efficiency curves taken from [70]. The upper three curves show effi­
ciency of the y-ray detector array as measured with calibration sources for average 
positions. The lower three curves show the effective efficiency after correction for 
the blocking by the prompt burst. The effective efficiency curves correspond to 
174Hf (x — -75 mm), 177Ta (x — 0 mm) and 181 Re (x = 75 mm).
3.7 The Energy Calibration
The mixed source (241Am, 109Cd, 57Co, 137Cs and 60Co) was also used to deter­
mine the energy calibration of the detectors. A linear dependence was found. 
However, although this linear calibration reproduced energies from the mixed 
source accurately, it was not as good when used to label energies in known iso­
mers. A further quadratic relation was found and interpolated with the linear 
function to provide the best agreement possible. An accuracy of ±  0.2 keV was 
obtained over the full energy range (50 keV - 2 MeV).
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3.8 Isomeric Ratios
Not all ions of an isotope exhibiting isomeric behaviour will be created in an 
isomeric state. The ratio of those produced in an isomeric state to the total 
number of ions of a particular nuclide created is called the isomeric ratio, and 
gives a valuable insight into the production mechanism. The formula [70]:
Rj = NmFG 3^'8^
is used to calculate the isomeric ratio, Rj, where Yj is the total number of ions 
in the isomeric state and F and G are the correction factors for the time-of-flight 
and the finite detection time, respectively.
F = exp ln2 fTOFx TOF2\ ln2TOF3
*1/2 \  7 l  7 2  /  *1/2 7 3
where t\/2 is the half-life of the isomer as a neutral atom; ty2 is the half-life of the 
isomer when fully-stripped (i.e., when the unavailability of electron-conversion 
decay may significantly increase the half-life); TOF\ is the time-of-flight from 
the beryllium target to the wedge-shaped degrader and 71 is the corresponding 
Lorentz factor: 7  =  ■ H— ; TOF2 is the time-of-flight from the wedge-shaped
V 1- #
degrader to the final degrader; TOF3 is the time-of-flight from the final degrader 
to the catcher. It is assumed that in this last section the ion is no longer fully- 
stripped because it has passed through many obstacles.
+ (3.9)
G = ( tiln2\ (  tdn2e x p  — exp 1 (3.10)
*1/2 /  \ *1/2 
where U and tj correspond to the time slice taken. The total isomeric yield is 
calculated from:
V  — • 7  Cf-tot (E j)) /q 1 1 '
w  ( )
where 7V7J- is the branching ratio of the transition; atot(Pj) is the total conversion 
coefficient for a transition of energy Ej and specified multipolarity; e(Ej) is the 
effective efficiency of the germanium array to register a 7  photon of energy Ej\
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and bj is the absolute branching ratio defined as the probability that decay of the 
isomer considered proceeds through the transition (if there is only one transition 
depopulating the isomer then 6 = 1).
Chapter 4
Nuclide Identification
4.1 The 191W  setting
Out of the four settings included in this work, the 191W setting was the most 
fruitful. There are eleven nuclides with previously unseen isomeric states and 
(tentatively) three previously unseen isotopes. The procedure of isotope separa­
tion was followed as demonstrated in Chapter 3. 191W is closer to 208 Pb in the 
nuclide chart than any of the other settings included in this work (184Lu, 174Yb 
and 170Dy), which explains why a relatively greater number of heavy ions were 
produced here. This is illustrated by the MUSIC spectrum (Figure 4.1), which 
if compared with the MUSIC spectra for the 174Yb, 184Lu and 170Dy settings 
(Figures 3.10, 4.12 and 4.13, respectively) shows a relatively smaller fraction of 
events recorded are due to fission fragments or light elements.
Nuclide identification (see Figure 4.2) was achieved primarily by recognising 
two previously known isomers, one each in 200Pt [81] and 206Hg [82], both of 
which were relatively well populated. 200Pt and 206Hg events from Figure 4.2 
were independently incremented into time versus energy matrices (see Figure 4.3 
for an example of a TAC versus energy matrix, and Figure 4.6 for an example of 
a TDC versus energy matrix). These were then projected onto the y and x axes 
to achieve 7 -ray energy and time information (see Figure 4.4). Figure 4.5 shows
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Figure 4.1: Spectrum from the MUSIC detector for the 191W setting. Approxi­
mately 68 % of the events recorded are due to heavy ions.
the two observed 7 -ray energies as they were placed in a level scheme by Becker 
et al. [82] in 1982. Upper levels, documented more recently by Lane et al. and 
Fornal et al. [83,84] were not observed in this work.
Due to the discovery of a previously unrecorded upper isomer in 200Pt, the 
7 -ray spectrum for this nucleus is shown and discussed at length in Chapter 5 
(see Figure 5.31). In order to confirm the identification of the 200Pt ions, software 
gates were taken around the 2 most prominent 7 -ray peaks, i.e. at 463.6 and 470.1 
keV, (see Figures 4.6 and 5.31) and the hydrogen-like section of the A/Q versus 
position on SC41 matrix was re-incremented. A suitable background matrix was 
also incremented and Figure 4.7 shows the resulting subtracted matrix. Note 
that 201Pt is heavily contaminated by 200Pt.
Figure 4.8 shows evidence for the previously unrecorded isotope 199Ir, and 
tentative evidence for new isotopes 200Ir and 1970s. This figure was created 
by simple projection of Figure 4.2, following software gating around individual 
element strips (like that shown around irridium, in the hydrogen-like charge state 
of Figure 4.2). The recently reported isotopes of 189Ta, 191W, 192W, 193Re and 
194Re [50] were also observed (see Figure 4.2). All the ‘new5 isomers are discussed
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Figure 4.2: Nuclide identification matrices for the 191W setting. Isotope sepa­
ration was achieved as outlined in Chapter 3. Nuclide identification was then 
possible because a known isomer in 200 Pt (shown gated) was recognised in the 
hydrogen-like charge state. The helium-like charge state bore a previously known 
isomer in 206Hg (also shown gated). Software gates around single element strips 
(e.g., as shown for irridium) were used to make projections that revealed evidence 
for previously unrecorded isotopes (refer to Figure 4.8).
at length in Chapter 5. Candidates for isomers in 191 Re and 199Ir are shown in 
Appendix A.
The isomers found in this setting varied in half-life from tens of nanoseconds 
to hundreds of microseconds (see Chapter 5), and time versus energy spectra 
were incremented accordingly, to suit the time range of each one.
Shorter lived isomers brought up several interesting issues because they were 
detected during the ‘prompt’ blocking discussed in Chapter 3. Firstly, their lialf-
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Figure 4.3: TAC events versus energy matrix for 206Hg. The isomer 7 -ray energies 
are labelled (refer to Figure 4.4).
lives were difficult to ascertain as the time projections were dominated by the 
timing resolution of the prompt events. Two techniques were used to deal with 
this and these too are discussed in Chapter 5. Secondly, X-rays or low energy 
7 -rays could not be deduced from the corresponding energy spectra because of 
the background recorded from the prompt events (see Chapter 5). Thirdly, unex­
pected contamination was observed from nuclear fluorescence occurring at high 
statistics within the prompt time resolution.
4.1.1 O bserved N uclear F luorescence
Gamma-decay lines from low-lying transitions in '°Ge, 72Ge, 74Ge and ,f)Ge were 
seen during the prompt “flash’ in the well populated cases of 206Hg and 200Pt.
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Figure 4.4: Gamma-ray energy spectrum for 206 Hg, taken over the time region 
0 — 73 (is. The labelled 7 -ray peaks are those observed by Becker et al. [82]. None 
of the peaks recorded by Lane et al. [83] and Fornal et al. [84] were observed. 
Unlabelled peaks are from background sources (see Figure 3.15). The half-life 
was deduced by summing the projections of the 1033.8 and 1068.1 keV 7 -ray 
peaks and found to be 2.2 ±  0.4 (is which compares very well with the published 
value of 2.2 ±  0.2 (is [82].
Positron annihilation was also observed. This contamination is due to the ef­
fects of bremsstrahlung, as detector crystals are momentarily bombarded with 
radiation.
Figure 4.9 shows the limits for time slices in the nanosecond time regime. 
Time, T was established to be zero at the peak of the time profile (labelled T = 
0 in Figure 4.9). Nuclear fluorescence was observed from 58 ns before T = 0, to 
157 ns after T = 0.
A 7 -ray energy spectrum was produced (Figure 4.10) by projecting the TDC 
versus energy matrix (Figure 4.9) onto the energy axis. The most prominent 
peaks are labelled and their source is noted in Table 4.1.
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Figure 4.5: Partial 7 -ray level scheme for 206Hg [82]. The upper levels discussed 
in refs. [83] and [84] were not observed.
Table 4.1: Summary of evidence for nuclear fluorescence in the prompt ‘flash’. 
X7 denotes the energy of the observed transitions; / 7 corresponds to the relative 
intensity of the peaks (with a common, arbitrary normalisation for all transitions). 
Data are taken from the 191W setting, helium-like charge state, gated on 206Hg 
for the time period starting 58 ns before T = 0, up to 157 ns after T = 0 (see 
Figure 4.9).
X7 (keV) Published 
energy (keV)
Source Transition A
511.0 ±  0.3 511.0 [85] e~ + e+ annihilation 788 ±  86
562.4 ±  0.3 562.9 [86] 76Ge 2+ —> 0+ 98 ±  70
595.5 ±  0.2 595.9 [87] 74 Ge 2+ -+ 0+ 548 ±  70
833.6 ±  0.3 834.0 [88] 72Ge 2+ q+ 517 ±  74
868.0 ±  0.3 867.9 [87] 74 Ge 4+ -+ 2+ 85 ±  37
894.2 ±  0.3 894.3 [88] 72 Ge 4+ -+ 2+ 101 ±  66
1039.2 ±  0.4 1039.3 [89] 70 Ge 2+ -> 0+ 469 ±  78
1113.8 ±  0.3 1114.3 [89] 70Ge 4+ -+ 2+ 120 db 56
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Figure 4.6: TDC events versus energy matrix for 200Pt. A calibration of 1 ns per 
channel was chosen to examine isomers with lifetimes as short as these.
CHAPTER 4. NUCLIDE IDENTIFICATION 65
100
-100J— >— I— ■— I— ♦— I— •— i— -— I— ■— i—
2.590 2.600 2.610 2.620 2.630 2.640
A/Q
Figure 4.7: Back-gating for confirmation of 200Pt identification. Software gates 
placed around the 463.6 and 470.1 keV 7 -ray energies were used to increment 
the hvdrogen-like charge state of the 191W setting. Events due to 200Pt are 
clearly observed, showing both its identification and where it contaminates other 
isotopes. Note that 201 Pt is heavily contaminated by 200Pt (see also Figure 5.38).
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Figure 4.8: A/Q projections by Z of the 191W nuclide identification matrix (Fig­
ure 4.2). The upper panel shows the projection of the irridium strip from the 
hvdrogen-like charge-state. 199Ir is clearly observed, although the evidence for 
200Ir is tentative. The lower panel shows the osmium strip from the fully-stripped 
charge-state of the same matrix. The evidence for 1970s is tentative.
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Figure 4.9: TDC versus energy matrix for nuclear fluorescence observed within 
the prompt ‘flash’ for 20()Hg. T = 0 is established at a point 399 ns after the 
TDC has begun. This is the time from which isomeric decay may be recorded. 
Nuclear fluorescence is observed within and around the prompt flash, from 58 ns 
before T = 0, to 157 ns after T = 0.
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Figure 4.10: Energy spectrum of nuclear fluorescence observed in the prompt. 
The 7 -ray energy lines show positron annihilation as well as the de-excitation 
of low-lying states in 70Ge, 72Ge, 74Ge and 76Ge (refer to table 4.1). This 7 -ray 
spectrum was taken from a 215 ns time-window projection of the TDC events 
versus energy matrix for 206Hg.
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4.2 The 184Lu setting
This setting overlapped the mass region targeted in the 191W setting. Although 
no previously known isomers were observed, 4 of the ‘new’ isomers found in 
the 191W setting (i.e., 188Ta, 190W, 192Re and 193Re) were populated sufficiently 
to guide identification (refer to Figure 4.11). There is also a candidate for an 
isomer in 185Hf, which is shown in Appendix A. The MUSIC spectrum (Figure 
4.12) shows that there were relatively less useful events recorded in this setting 
compared to that of 191W.
Populating the same isomers with two different settings was advantageous. 
Firstly, it facilitated the achievement of excellent accuracy in the energy, A/Q and 
time calibrations for all settings. Secondly, because the same 7 -ray information 
was available from two different settings, statistics could be improved by adding 
spectra (see Chapter 5).
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Figure 4.11: Nuclide identification of the 184 Lu setting. Nuclide identification 
was made possible for the 184Lu setting with the help of ‘new’ isomers from the 
191W setting, namely 188Ta, 190W, 192Re and 193Re, for which gates are shown.
Channel Number (Energy loss)
Figure 4.12: MUSIC spectrum for the 184Lu setting. Approximately 81 % of the 
events recorded are due to heavy ions. However, the total number of useful events 
recorded is only about 9 % of those achieved in the 191W setting.
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4.3 The 170Dy Setting
This is the most exotic of all the settings attempted, and the furthest from the 
beam, hence population was poor. The MUSIC spectrum (Figure 4.13) shows 
that the majority of events recorded were light fission fragments. Charge-state 
separation was achieved by incrementing position versus A/Q matrices, as for 
the previous settings. Figure 4.14 shows that only the fully-stripped charge state 
was observed. Nuclide identification was not straightforward, as no isomers were 
recognised. However, the Z versus channel number calibration of the MUSIC 
detector established from the 3 previous settings, on extrapolation, gave the 
Z values for this setting. Figure 4.15 shows the particle identification: mass 
numbers were worked out systematically from the A/Q calibration once the Z 
values had been extrapolated, and thus identification was complete.
Although statistics were too poor to allow for definite determination of isomers 
in this setting, there are two candidates which have been recorded in Appendix 
A. These are 174Er and 175Er, which may serve as a guide for future experiments 
in this region. 170Dy and 167Tb are previously unknown isotopes, which were 
observed here for the first time (see Figure 4.16).
Figure 4.13: MUSIC spectrum for the 170Dy setting. Approximately 99% of the 
events recorded were from light fission fragments.
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Figure 4.14: A/Q versus position on SC21 demonstrating charge separation of 
the recorded events. The gate illustrates the section due to fully-stripped ions. 
Statistics were too poor to justify further charge-state gates.
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Figure 4.15: Nuclide identification matrix of the 170Dy setting. Only the fully- 
stripped charge-state was sufficiently intense to enable isotopic separation (see 
Figure 4.14). Gamma-ray spectra of candidates for new isomers in 174Er and 
li5Er are shown in Appendix A.
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Figure 4.16: A/Q projections by Z of the 170Dy setting nuclide identification 
matrix. Both projections were made from the fully-stripped charge-state. There 
is clear evidence for new isotopes 170Dv and 167Tb.
C h a p t e r  5  
I s o m e r  R e s u l t s  a n d  D i s c u s s i o n
Many different projections of energy versus time (TDC or TAC) matrices were 
made for each nuclear species, until 7 -ray spectra demonstrating isomers were 
obtained and half-life values could be calculated. As much structural information 
as possible was gleaned from the data available. E1 and ty 2 were used to calculate 
Weisskopf estimates, and hence hindrance factors, Fw, to give an indication of the 
multipolarity of transitions (by comparison with the systematies of Lobner [29]). 
PES calculations, indicating the shape of a nucleus in a given state, were used 
in conjunction with blocked BCS calculations (restricted to axial symmetry), to 
tentatively assign Nilsson configurations to excited levels. Attempts have been 
made to order transitions observed into level schemes. Isomeric ratios have been 
calculated, their purpose being three-fold. Firstly, they can give an upper limit 
for a half-life (where no other method is viable); secondly, they can indicate 
whether or not a multipolarity is feasible for a given transition; and thirdly, they 
can predict the possibility of populating isomeric states in the future.
5.1 The odd-odd nucleus 18|Tan5
Results shown (see Figure 5.1) demonstrate the first spectroscopic data obtained 
for 188Ta. This spectrum is the sum of the 3 spectra obtained from 3 different 
sources (see Figure 5.2). A half-life of 3.1 ±  2.4 ps (shown in Figure 5.1 inset), 
was calculated by fitting an exponential curve to the time projection of the 292
74
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Figure 5.1: Gamma-ray energy spectrum for 188Ta, taken for the time region 
0 — 64 ps. The insert shows the half-life measurement, which was calculated to 
be 3.1 ±  2.4 ps.
keV transition.
It was assumed that as only one transition was observed, it is likely to be 
the A'-allowed decay from an isomeric state. Hindrance factors were calculated 
[29,30], revealing the transition could have multipolarity E2 (Weisskopf estimate 
= 4 ns, Fw nsj 800) or M2 (Weisskopf estimate = 0.4 ps, Fw ~  10). Weisskopf es­
timates quoted here are not corrected for internal conversion, although hindrance 
factors are. The possibility of the transition being an M2 decay was, however, 
ruled out on the basis of internal conversion coefficients and relative intensities. 
Had the 292 keV transition been of M2 multipolarity, with a K-conversion coef- 
ficent of ax =  0.716 , then tantalum X-rays of an intensity approximately equal 
to 70 % of the 7 -ray peak would have been observed. Figure 5.1 clearly shows no 
such X-ray was seen.
Blocked BCS calculations were performed in order to help in the assignment 
of Nilsson orbitals to the excitation and to infer spin and parity values, so the 
transition could be placed in a tentative level scheme. A strategy was required in
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Figure 5.2: The final 188Ta energy spectrum (Figure 5.1) is the sum of the spectra 
from (a) and (b), the fully-stripped and hydrogen-like charge states of the 184Lu 
setting, and (c) the fully-stripped charge state of the 191W setting.
order to gain as much confidence as possible in the output of these calculations.
Firstly, a ground state deformation of e2 = 0.176 and £4 = —0.057 was as­
sumed, according to [90]. These values were used in the BCS calculation, with 
pairing strengths Gp =  24.5/A MeV and Gn =  23.5/A MeV. The values chosen 
for Gp and Gn are discussed in the section relating to 190W. The results suggested 
a Nilsson configuration of R+[615] t  v ® |+[402] f  7r for the lower energy state. 
This configuration was incorporated into a PES calculation, in order to derive 
more confident deformation parameters. Values of fa = 0.190 and fa = —0.066 
with 7  = 0° were obtained (see Figure 5.3(a)), indicating a prolate-deformed 
shape. The blocked BCS calculations were then repeated, using these calculated 
PES minima with appropriate /? -»  £ conversion (see Chapter 2), confirming the 
initial lower energy state Nilsson configuration and giving configurations for ex­
cited states (see Figure 5.3(c)). This method of calculation and re-calculation of 
blocked BCS and PES values was used to determine structural observables for
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all the isomers in this work.
The Gallagher-Moszkowski rules (Chapter 2), imply the 8+ coupling of the 
Y +[615] t  v 0  |+[402] t  ft configuration for the lower energy state (looking at 
the ground states of neighbouring odd-odd tantalum nuclei [78-80], we infer that 
this is unlikely to be the ground state). A K n — 10“ , kL+[615] t  v © | [514] f  ir 
state is thought to be the most likely configuration for the isomeric level, as 
there is an analogous isomer in 182Ta [78]. Note that it is convenient to use K n 
to label bandheads, although K  is often not a good quantum number. Further 
PES calculations were performed to determine the deformation of the proposed 
isomeric level, which was found (see Figure 5.3(b)) to have fa — 0.189, fa — 
—0.066 and 7  =  —0 .2°, demonstrating no shape change. If the 292 keV transition 
is the direct depopulation from the 10“ state to the 8+ state, it would have M2 
multipolarity, but this possibility had already been ruled out due to the paucity 
of X-rays in the spectrum, leaving E2 as a possibility, which does not explain the 
parity change. Therefore we suggest there is a low energy 7 -ray, which we do 
not observe, depopulating the isomer. This (Ey < 50 keV) transition could then 
have El character (Weisskopf estimate: = 2 ps, Fw ~  3 x 106) and be 1-fold 
JGforbidden. An Ml multipolarity (Weisskopf estimate: =  200 ps, Fw ~  105) 
would suggest greater /Gforbiddenness.
An H =  9+ level with the K * — 8+ configuration is suggested as the level to 
which direct de-excitation from the isomer is carried. The 292 keV transition is 
then believed to be the uppermost excitation in the yrast rotational band, going 
from the 9+ level to the K *  = 8+ state (see Figure 5.4), with Ml multipolarity. 
The conversion coefficient would be — 0.186, which is consistent with the 
observed photon intensity in the X-ray region.
As a final check, the isomeric ratio was calculated, given the postulated level 
scheme. A value of 0.81q;? % is determined, which is consistent with the spin 
assignments (see Section 3.8).
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Figure 5.3: PES ((a) and (b)) and BCS (c) calculations for 188Ta. In (a) and (b) 
arcs of constant fi2 are drawn in bold at 0.04 intervals. Lines of constant 7  are 
also in bold, the pictures being symmetric about 7  = 0°. Equipotential contours 
are shown at 160 lceV intervals. PES calculations for the K* =  8+ state (a) show 
that P2 ~  0.190 and (34 =  —0.066 with 7  = 0°. The isomeric, K* = 10“ state
calculations (b) show that the deformation is unchanged through excitation, with
P2 — 0.189, fi4 — —0.066 and 7  = —0 .2°. Blocked BCS calculations (c) performed 
using e2 =  0.179, £4 =  0.056 and Gp = 24.5/A MeV, Gn — 23.5/A MeV, suggest 
the de-excitation observed is from a K* =  10“ , y +[615] t ® | [514] f  7r state, 
to a K n — 8+, y +[615] f  v % |+[402] f  w state. Note that the blocked BCS 
calculations do not account for residual interactions, which disfavour the lower 
lying 7“ and 9+ states.
a+ < 50  10“ri___________  —----------------------I 3 as
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Figure 5.4: Proposed level scheme for 188Ta. Spins and parities were deduced from 
the half-life, internal conversion coefficients, relative X-ray and 7 -ray intensities, 
PES and blocked BCS calculations.
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5.2 The even-even nucleus 197°4Wll6
Until 1999, 190W was the heaviest recorded tungsten isotope [50], having been 
experimentally synthesised in (n,n2p) and (p,3p) reactions [91]. Here, for the 
first time, excited states have been observed.
Figure 5.5 shows the 7 -ray and time spectra obtained by projecting TAC 
versus energy matrices. The spectra displayed are actually the sum of spectra 
obtained from the fully-stripped charge state in the 191W setting (75 %) and the 
hydrogen-like charge state of the 184Lu setting (25 %). The X-ray peak at 58.5 
keV reinforces the particle identification by confirming the excitations observed 
are those of a tungsten nucleus. Although statistics were not good enough to allow 
for 7  — 7  coincidences, a partial level scheme is proposed (Figure 5.6), based on 
systematics of even-even tungsten nuclei in this mass region [16]. It is suggested 
that the 7 -rays observed have E2 character and form a rotational cascade built 
on the ground state, such that the energy levels are spaced approximately as for 
a quantum rotor, E oc 1(1 + 1).
The half-life of the isomer was deduced by first fitting an exponential decay to 
the projection of the sum of the peaks at 207.0, 357.4 and 484.0 keV, on the time 
axis (refer to the inset in Figure 5.5). An exponential fit gave a half-life of 59 
ps by this method, but with poor indication of viable upper and lower limits. A 
X2 analysis was performed to find the lower limit and confirm the validity of the 
exponential fit (see Figure 5.7). The rate of decay, A, was fixed at various values 
and the other parameter, the initial activity, Aq (from A =  Aoe~'Ai) 5 was allowed 
to vary, so a range of exponential fits was obtained for the data set. The total x2 
of each fit was then plotted as a function of the corresponding half-life. The point 
at which the x2 is at a minimum (Xmm) gives the value of half-life according to 
the best fit [92,93]. The error, or lower limit, is given by the half-life at Xmin + 1 
[94], from:
X2(A +  cr(A)) =  x 2(A +  1) (5.1)
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Figure 5.5: Gamma-ray energy spectrum for 190W, taken over the time region 1- 
75 ps. The half-life was deduced to be 59/ 32° V s by fitting an exponential curve 
to the sum of the projections of the 207.0, 357.4 and 484.0 keV 7 -ray peaks (inset) 
and then performing a x2 analysis and isomeric ratio calculations for the lower 
and upper limits, respectively.
Figure 5.7 (b) shows that the x2 minimum is 10.71, at a half-life of 59 ps (confirm­
ing the half-life value given in the original fit). The half-life can be a minimum 
of 27 ps, as this is the point Xmm + T An upper limit cannot be reliably assigned 
from this method, as the half-life tends to infinity at the Xmin + 1 value. The 
isomeric ratio, however, can indicate an upper limit. Had all the 190W nuclei been 
produced in the isomeric state, then the maximum possible isomeric ratio would 
be 100 %. Figure 5.8 shows half-life values plotted against corresponding values 
of isomeric ratio for this nuclide. The limit is indicated in red, giving a maximum 
half-life value of 5 ms, so £i/ 2 = 59/l||00/j,s. It is more probable, however, that the 
maximum isomeric ratio is in the region of 20 % [95], in which case a more real­
istic value is fy/ 2 = 59/ 32°jus. The 207 keV transition was used for these isomeric 
ratio calculations. A value of 2.7 % was obtained, assuming £i/ 2 =  59 ps.
Blocked BCS calculations (refer to Figure 5.9(c)) suggest a 2 quasi-neutron
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Figure 5.6: Proposed level scheme for 190W. Spins and parities are derived from 
systematics. The I\n = 10“ isomer is inferred by comparison with blocked BCS 
calculations.
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Figure 5.7: y2 analysis of the half-life of the isomer in 190W. The inset shows the 
X2 minimum and a best-fit half-life of 59 ps. A lower limit of 27 ps is achieved 
at Xmin + 1- upper limit cannot be derived from this method as the half-life 
tends to infinity at the Xmin + 1 value.
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Figure 5.8: Isomeric ratio analysis for determination of the half-life upper limit 
of the 190W isomer. A range of half-lives was used to calculate the isomeric ratio. 
The isomer would have to have a half-life of 5 ms in order for 100 % of the 190 W 
nuclei to be created in the isomeric state. It is more probable to assume no more 
than 20 % of nuclei were produced in the isomeric state [95], in which case the 
upper limit on the half-life would be 1 ms.
K n = 10“ isomeric state with Nilsson configuration: 9 [505] J v<g> y +[615] f  v is 
feeding the rotational band. This is the same configuration as the 5.9 s isomer in 
the isotone 1920s [96] and the 9.9 m isomer in 190Os [97]. This assignment would 
imply the isomeric level is de-populated by an El transition, which would be 
highly A'-forbidden. As a rotational cascade is observed, it is evident that a K- 
hindered transition is depopulating the isomeric level and the non-observation of 
a candidate transition suggests E1 < 100 keV. According to Lobner’s hindrance 
factors it is likely that a low energy transition of this nature would have El 
multipolarity (Weisskopf estimate = 0.2 ps, F\v ~ 4 x 108). The intensity of 
the tungsten X-rays, however, is too great to account for the supposed El 7 -ray, 
unless the unobserved transition has an energy just above the K electron binding 
energy (69.5 keV) and the atot «  1 (e.g., atot = 0.91 for a 71 keV transition) so 
the El 7 -ray is lost in the background. Another possibility is that the El energy 
is equal to the K X-ray energy, so the intensity of this peak is part 7 -ray, part
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X-ray.
As an isomer with the same configuration is known in the N =  116 isotone 
192Os, we can be quite confident that our assignment for the isomer in 190W is 
correct. Blocked BCS calculations were performed with various values of Gn 
until a suitable energy was derived for the K n =  10“ state (see Figure 5.9(c)). 
The energy value given for the state is a few 100 keV too low (if compared with 
the level scheme in Figure 5.6), but greater accuracy is not expected for these 
calculations. Parameter values of Gn = 23.5/A MeV and Gp =  24.5/A MeV were 
therefore chosen, the latter being 1 unit greater than the former, as suggested 
by Jain et al. [33]. The same pairing strength parameters were used in all the 
blocked BCS calculations performed in this work.
As the prolate-oblate phase transition is approached, 7 -soft potentials are 
predicted for 188W and 190W. 192W is calculated to have competing oblate and 
prolate minima and 194W is thought to have a well defined, energetically favoured 
oblate shape, with fa =  0.14 and 7  =  —62° [98]. PES calculations (refer to Figure 
5.9(a)) show that the 190W nucleus is indeed 7 -soft and deformation values of 
fa = 0.167, fa = —0.066 and 7  =  0.1° are determined for the ground state. This 
fa value agrees very well with that calculated using Grodzin’s estimates (fa = 
0.169) [22-24]. Further PES calculations reveal that there is no significant change 
in shape on excitation (refer to Figure 5.9(b)), as the K v = 10“ isomeric state 
has a deformation of fa =  0.164, fa = —0.062 and 7  =  —0.3°.
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Figure 5.9: PES and BCS calculations for 190W. (a) shows the ground state 
deformation is fa = 0.167, fa — —0.066 and 7  = 0.1°, indicating a prolate- 
deformed nucleus. The shape remains largely unchanged in the K n =  10“ state, as 
shown in (b), where fa — 0.164, fa — —0.062 and 7  = 0.3°. Predictions that190W 
is 7 -soft are confirmed. Equipotential contours are spaced at 190 keV intervals, 
(c) Blocked BCS calculations were performed using e2 =  0.179, £4 =  0.056 and 
Gp =  24.5/A MeV, Gn — 23.5/A MeV. They show that there is a 2 quasi-neutron 
excitation with K v — 10“ , and configuration §~[505] J v 0  y +[615] f
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5.3 The odd-odd nucleus ^fReny
The results shown here are the first spectroscopic data available for 192Re (see 
Figure 5.10). The data were produced in the fully-stripped and hydrogen-like 
charge states of the 191W setting (70 % and 5 %, respectively), as well as the 
hydrogen-like charge state of the 184Lu setting (25 %). The lower energy peaks 
labelled as 60.7 and 69.5 keV are the Ka and Kp X-rays, respectively, giving clear 
identification of a rhenium nucleus. A half-life of 118l2J° ps (upper and lower 
limits derived from x2 analysis - see below) implies that if the 7 -ray observed is the 
direct de-excitation from an isomeric level, then it is likely to have E2 (Weisskopf 
estimate = 80 ns, Fw ™ 2000) or M2 (Weisskopf estimate = 9 ps, Fw ~ 100) 
multipolarity. However, 011 examination of X-ray and 7 -ray relative intensities as 
well as 7 -ray internal conversion coefficients, an Ml decay (ax = 1.15) appears 
to be the most feasible. This is because for an E2 transition, ax  = 0.3, implying 
60 % less intense X-rays than those observed. An M2 transition, on the other 
hand, would have ax = 6.2, suggesting 600 % more intense X-rays. Hindrance 
factors suggest an Ml decay would be AT-hindered (Fw ~  5 x 107). We therefore 
infer it is not the direct decay from the isomeric level, but instead is fed by a low 
energy (< 50 keV) El transition, which we do not observe.
Only the ground state was known previous to this work, although Baglin 
[99] cites no Nilsson configuration, spin or parity. Blocked BCS calculations 
were performed, using ground state deformation parameters of fi2 — 0.156, p4 = 
—0.067 and 7  = 0 .2°, which were obtained from PES calculations (see Figure 
5.11(a)).
Blocked BCS calculations (Figure 5.11(c)) suggest a IC* = 9+ state, with 
Nilsson configuration §~[505] J v <g> | [514] t  7r, as a probable upper isomeric 
level. A lower energy, K *  = 7~ state, with Nilsson configuration |~[505] J 
v ® §+[402] t  77 is also predicted. This 7“ level, however, is not likely to be 
the ground state as systematics of neighbouring odd-odd rhenium nuclei imply a
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Figure 5.10: Gamma-ray energy spectrum for 192Re, taken over the time region 
1 — 74 ps. The half-life was deduced to be 118l28° using the projection of the 
160.1 keV 7 -ray peak.
ground state at K n =  2“ [91,100]. Although K* = 6” isomeric states have been 
previously observed in 188Re (ti/ 2 — 18.6 m) [101] and 190Re (t\ / 2 = 3.2 h) [102], 
we do not have a case for a similar isomer in 192Re. We propose a partial level 
scheme in Figure 5.13.
Further PES calculations were performed to provide insight into the defor­
mation of the upper isomeric state (see Figure 5.11(b)). Values of fa = 0.153, 
fa =  —0.067 and 7  = 0° were obtained, indicating that the prolate-deformed 
shape remains unchanged.
The upper and lower limits of the half-life were provided by a x2 analysis 
(Figure 5.12), The isomeric ratio was calculated for the 160.1 keV transition 
with t\/2 = 118 ps and Ml multipolarity. A value of 9 .5£33q6 % was obtained.
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Figure 5.11: PES and blocked BCS calculations for 192Re. (a) and (b) demon­
strate the 7“  and 9+ deformation minima, respectively. For the lower level: 
fa =  0.156, fa =  —0.067 and 7  =  0.2°, for the upper level: fa =  0.153, 
fa — —0.067 and 7  — 0°. Equipotential contours are shown at 200 keV intervals. 
Blocked BCS calculations (performed using Gp =  24.5A/ MeV, Gn =  23.5A/ 
MeV, £2 — 0.145 and £4 = 0.057) shown in (c) indicate a 2 quasiparticle 
K w — 9+, |_ [505] I 11 ® |_ [514] t  Ti" state and a lower energy K n =  7” , 
[505] 1 1; ® |+[402] /  7r state.
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Figure 5.12: y? analysis of the half-life of the isomer in 192Re. The value of 
Xmin + 1 indicates a lower limit for the half-life of 70 ps and an upper limit of 
330 ps.
8 ‘ <50 9+. * r
7 -  160 118 p s
Figure 5.13: Proposed level scheme for 192Re. Spins and parities were derived 
from systematics, X-ray and 7 -ray relative intensities, internal conversion coef­
ficients, hindrance factors, PES and blocked BCS calculations. The observed 
7 -decay is thought to be an Ml transition. The division of the arrow width in­
dicates the relative proportion of 7 -ray (black) and electron conversion (white) 
intensity.
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5.4 The odd mass nucleus 1y|Ren8
The results shown here are the first empirical data obtained for 193Re (see Figure 
5.14). The Ka and Kp X-rays are clearly visible once more. Like its neigh­
bour, 192Re, these data were provided by the 191W setting (fully-stripped: 75 
%, hydrogen-like: 13 %) and the 184Lu setting (hydrogen-like: 12 %). Only one 
7 -ray transition was observed (at 146.1 keV), with slight contamination from the 
160.1 keV peak in 192Re. The half-life of the isomer is 290t|25° Msj the upper 
limit being deduced from a maximum isomeric ratio value of 100 % (although if 
the more realistic value of 20 % were used, then the upper limit would be 910 
ps). The lower limit was derived from x2 analysis (see Figure 5.15).
Energy (keV)
Figure 5.14: Gamma-ray energy spectrum for 193Re, for the time range 1 — 75 
ps. The half-life was deduced to be 2901225° Ts using the projection of the 146.1 
keV 7 -ray peak and the isomeric ratio.
Hindrance factors indicate that the observed de-excitation is likely to have 
M2 (Weisskopf estimate = 0.1 ps, Fw ~  300) or E2 (Weisskopf estimate = 10 ps, 
Fw ~  4000) multipolarity, if the assumption is made that it is the direct decay 
from an isomeric state. A close look at the intensities of the X-rays, relative to
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Figure 5.15: x2 analysis of the half-life of the isomer in 193Re. x2 reaches a 
minimum at a half-life of 290 ps, corresponding to the fit in Figure 5.14. A lower 
limit of 65 ps is obtained from the Xmin + 1 method. An upper limit cannot be 
derived here as the half-life tends to infinity at x2 = 5.
the internal conversion coefficient for the observed transition, indicates an M2 
multipolarity is the most likely. An E2 decay would have aR =  0.384, giving a 
nett sum value of 520 counts between the two X-ray peaks. The total nett X- 
ray counts are in the region of 12000, which are attained with M2 multipolarity 
(where = 8.60).
In an attempt to place the transition in a level scheme, blocked BCS calcu­
lations were performed (Figure 5.16). They show there are two 1 quasiparticle 
states that are close in energy, that could be assigned as likely levels at either end 
of the transition. They are a X 7r = |+, |+[402] t  ?r state and a | [514] 1 7r level. 
The former is the ground state configuration in all odd-mass rhenium isotopes 
around this region, (except for 191Re, which has a ground state of |+ or [109]). 
So we tentatively assign the IV  — state as the isomeric level, from which the 
observed 7 -ray decays. Figure 5.17 shows the level scheme deduced.
PES calculations show that for the ground state in this nucleus (see Figure 
5.16(a)) fa — 0.136, fa = —0.056 and 7  = —1.4°. The deformation parameters 
of the excited state (b) are exactly the same, so there is no shape change on
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excitation.
Isomeric ratio calculations reveal a ratio of 58.1 %, assuming the 146.1 keV 
transition is M2 and the half-life is 290 ps.
X = p2cos(y+30) K(K+1)
Figure 5.16: PES and blocked BCS calculations for 193Re. The ground state (a) 
and the excited state (b) PES calculations show the nucleus is prolate deformed 
with @2 =  0.136, fa — —0.056 and 7  =  —1.4°. Contours of equipotential are 
shown at 200 keV intervals. Blocked BCS calculations (c) determine a ground 
state with K n =  |+, §[402] t  ft and an isomeric level with K v = | , | [514] f  7r- 
They were performed using Gp =  24.5A/ MeV, Gn = 23.5Aj MeV, e2 — 0.128 
and £4 =  0.048.
9 / 2 "
5 / 2 +  • *1 4 6 j 2 9 0 7 t s
Figure 5.17: Proposed partial level scheme for 193Re. Spins and parities were 
assigned from blocked BCS calculations. The 7 -ray decay is thought to have M2 
multipolarity.
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5.5 The odd mass nucleus ^gOsng
As early on as 1957, Baro et al. [103] laid claim to finding the ground state 
of 195Os after observing a 6.5 m activity with energy less than 28 MeV in a 
198Pt(n,a) reaction. The assignment to 1950s was made on the basis of assumed 
genetic relationship to 195Ir, Seventeen years later, Colle et al. [104] claimed the 
activity was in fact due to 81Rb. An attempt by Colle and co-workers to produce 
1950s in a 198Pt(p,3n) reaction was also unsuccessful.
Energy (keV)
Figure 5.18: Gamma-ray energy spectrum for 1950s, taken for the time region 
36 — 94 ns.
The data shown here constitute the first spectroscopic evidence for excited 
states in 195Os. It was derived solely from the fully-stripped component of the 
191W setting. Figure 5.18 shows 7 -rays from a nanosecond isomer which was 
observed by slicing the TDC versus energy matrix within the prompt time range, 
hence the large amount of background in this spectrum, eliminating the possi­
bility of observing any X-rays or 7 -rays below 300 keV. Time spectra are shown 
in Figure 5.19 (discussed below). Due to the poor statistics, 7 - 7  coincidences 
were not possible in this work, but we know from a more recent, deep inelastic 
experiment that the 533.1 keV transition is in coincidence with the 438.6 and the
493.0 keV 7  lines [105]. An attempt has been made (using hindrance factors and
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Figure 5.19: Half-life determination for the isomer in 195Os. The half-life was 
deduced by projecting a suitable background, to which a Gaussian curve was 
fitted (a). The peak centroid and FWHM from this Gaussian fit were then used 
to fit a Gaussian with an exponential to the subtracted curve (b). A value of 25.8 
±4.2 ns was achieved by this method.
blocked BCS calculations) to order the 7  decays into a tentative level scheme (see 
Figures 5.20(c) and 5.21).
Two methods were employed to deduce the half-life of isomers found within 
the short, TDC time range. Both methods are described in Section 5.8, with 
respect to 200Pt, as the half-life was previously known. The method that gave 
the most accurate value was then used throughout. The half-life of 195Os was 
calculated by fitting a Gaussian curve to a time projection of the background 
spectrum (Figure 5.19(a)). The peak centroid and FWHM obtained from this 
fit were then incorporated into a Gaussian ±  exponential fit of the background 
subtracted spectrum (b). Assuming that any exponential effect in the subtracted 
spectrum is due to the decay of the isomer, the half-life deduced by this method 
is 25.8 ± 2.1 ns. Considering the flight-time through the spectrometer is ~ 300 
ns, it is remarkable that this isomer was observed at the catcher. We infer that 
because 1950 s is produced in a fully-stripped form, this effect is due to the isomer 
being de-populated by a highly converted, low energy transition.
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Blocked BCS calculations suggest a lower energy state of IC* =  y +, with 
Nilsson configuration y +[606] t  y (see Figure 5.20(d)). The transitions at 438.6,
493.0 and 533.1 keV appear to be in a cascade because they have similar intensities 
and are spaced at regular intervals. The 714.0 keV decay, however, appears 
to be from a different structure. The calculations suggest two 3 quasineutron 
states that are close in energy, which we believe are likely candidates for the two 
upper intrinsic levels, one of which is isomeric. The highest is at IC* = y  and 
has configuration y +[606] f  <S>§~[501] t  © ^ +[615] t- We propose this is de­
populated by a low energy, TT-allowed El transition (Weisskopf estimate = 0.5 
ps, Fw ~ 6 x 104), to a IC* = y + state with configuration y +[606] t  ©>§ [501] t 
<2)| [505] J. This y + level is then de-populated by a if-forbidden Ml decay 
(Weisskopf estimate = 60 fs, Fw ~ 5 x 105), which is the 714.0 keV transition 
we observe.
It is postulated that the three evenly spaced 7 -rays are E2 decays in a rota­
tional band. The lower, IC* = y + level need not be the ground state [106-109], 
but could be a metastable state at a low energy above the ground state, which is 
too long-lived for us to observe its decay.
PES calculations (Figure 5.20) give deformation parameters of (a) fa ~  0.125, 
fa = —0.040 and 7  =  30.1° for the y + state, (b) fa =  0.129, fa =  —0.068 and 7  = 
—20.7° for the y + state and (c) fa — 0.131, fa =  —0.068 and 7  =  26.2° for the 
uppermost y  level. The ground state is expected to have similar deformation to 
the y + level, mid-way between the calculated 7 -deformation of the ground states 
o f194Os and 196Os, given as 7  = -2° and 7  = 60°, respectively, by Wheldon et al. 
[98]. These results imply the prolate-oblate transition passes through triaxiality 
at 1950 s.
Isomeric ratio calculations show that 24.4/J344 % of 1950s nuclides were pro­
duced in the isomeric state, indicating very good possibilities for future deep 
inelastic reactions, to use the isomeric transitions as ‘tags’.
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Figure 5.20: PES and blocked BCS calculations for 1950s. PES calculations 
show that in the IC* = y + state (a) 195Os is completely triaxial with fi2 = 0.125, 
P4 =  —0.040 and 7  = 30.1°. In the y + isomeric state (b) the nucleus is less 
triaxial, tending more towards a prolate shape, with fi2 =  0.129, /?4 = —0.068 
and 7  = —20.7°. The isomeric level (c) displays fi2 =  0.131, /34 =  —0.068 
and 7  =  26.2°. Lines of equipotential are shown at 230 keV intervals. Blocked 
BCS calculations (d) performed using Gv = 24.5A/ MeV, Gn — 23.5A/ MeV, 
e2 = 0.118 and £4 =  0.034, show that there are two 3 quasineutron intrinsic 
levels at similar energies. They have IC* = y~ and IC* — ^ +. We suggest 
the K * =  state as the lower, longer-lived metastable state. The triaxiality 
implies that the blocked BCS calculations could be misleading.
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Figure 5.21: Proposed level scheme for 1950s. Spins and parities were deduced 
from blocked BCS calculations and hindrance factors. A ‘missing’ low-energy 
transition with a substantial conversion coefficient is implied by the short half- 
life (which is much less than the flight-time).
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5.6 The odd mass nucleus ^Ir^o
Cizewski et al assigned spins and parities to some excited levels they observed 
in 197Ir using 198Pt(f, a)197Ir reactions [110]. Some of the excitation energies they 
observed at 460, 495, 561 and 606 keV had an error of ±  5 and are remarkably 
similar to the 7 -ray transition energies observed in this work, e.g., at 458.3, 495.0,
567.1 and 609.1 keV (see Figure 5.22), but this appears to be largely a matter of 
chance.
Energy (keV)
Figure 5.22: Gamma-ray energy spectrum for 197Ir, for the time region 1-74 ps. 
The half-life was deduced by summing the projections of the 278.5, 378.8, 495.0 
and 567.1 keV 7 -ray peaks, and found to be 30.4 ±  7.8 ps (see upper inset). The 
7 -ray energy at 458.3 keV appears to be from another isomer (see Figure 5.23). 
It is half as long-lived as the other isomer, its half-life being recorded as 15.1 ±  
9.2 ps (lower inset).
The intensities of the excitation peaks are non-uniform, indicating a variety of 
multipolarities and the possibility of there being 2 isomers. The inserts in Figure 
5.22 show the half-life projections for the 2 different isomers. The upper panel 
shows the fit calculated for the background subtracted projection of the 278.5, 
378.8, 495 and 567.1 keV peaks. A value of £1/2 = 30.4 ±  7.8 ps was deduced.
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Figure 5.23: Gamma-ray energy spectra over two time ranges to show evidence 
for two isomers in 197Ir. The upper cut is over 1-38 ps. The lower cut is from 
38-79 ps. The 458.3 keV peak disappeared before the start of the second time 
slice.
The lower inset shows the background subtracted time projection of the 458.3 
keV 7 -ray. This has a half-life of 15.1 + 9.2 ps. Figure 5.23 clearly illustrates that 
the 458.3 keV line is approximately half as long-lived as the remaining 7  peaks.
The previously known ground state spin/parity of |+ was recorded by Petry 
et al. [Ill] at the same time as a 9 minute isomeric level at 115 keV, assigned 
Y~. Cizewslci et al. had recorded an excited level at 460 keV, with spin/parity 
§+, and as our 458.3 keV transition has a different half-life to the remaining 7 -ray 
transitions, we propose that the 458.3 keV transition is depopulating Cizewski et 
alls 460 keV level with an Ml transition. We do not believe, however, that the 
460 keV level itself is the 15 ps isomeric state, because the Weisskopf estimate 
is 0.2 ps (Fw ~  7 x 107), which is inconsistent. The intensity of our 609.1 keV 
peak is much smaller than that of the remainder peaks (refer to Table 6.1), from 
which we infer it is not in cascade with the other energies. We suggest therefore, 
that it may be the transition depopulating the |+ level observed by Cizewski et 
al [110] at 606 keV.
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Figure 5.24: PES and blocked BCS calculations for 197Ir. (a) shows the deforma­
tion of the previously known |+ ground state (where fa — 0.115, fa — -0.025 and 7  
= 53.8°). (b) and (c) show the deformation for the IC* =  y  (where fa =  0.116, 
fa = —0.033 and 7  =  44.6°) and K * =  | (where fa — 0.131, fa =  —0.068 
and 7  = 27.8°) states, respectively. Lines of equipotential are shown at 300 keV 
intervals. The K* — y + state deformation is shown in (d) to have fa — 0.115, 
fa = —0.040 and 7  = 31.9°. Blocked BCS calculations (e), performed using 
Gn =  23.5/A MeV, Gv =  24.5/A MeV, e2 = 0.108 and £4 =  0.021 show that a 
K * — A - , a K * — \ state and a 3 quasiparticle K *  = state are candidates 
for the excited levels between which the level scheme can be drawn.
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Blocked BCS calculations (see Figure 5.24(e)) suggest an isomeric level at 
IV  = with configuration | [523] /  7r, which could be feeding the I "1 states 
at 460 keV and 606 keV, with low energy, El decays. El transitions seem plausible 
as there are no significant X-rays recorded for irridium in the energy spectrum.
The previously recorded isomeric level at is reproduced in the BCS cal­
culations which suggest there is a y~[505] t   ^ state at low energy (see Figure
5.24). The |+ previously known ground state is also reproduced, to which we 
assign |+[402] /  7r. We propose the transitions we observe (apart from at 458 keV 
and at 609 keV) are in a band, decaying from a higher, 3 quasiparticle isomeric 
level to the R level at 115 keV. We propose a 3 quasiparticle excitation with 
IV  = y + and a Nilsson configuration |_ [503] I v <g> y +[606] f   ^ y _ [505] f  ^
for the upper level. This upper isomeric level is then de-populated by a K- 
forbidden, El decay (Weisskopf estimate = 50 fs, Fw ~ 7 x 108). A level scheme 
is proposed in Figure 5.25, taking into account what is previously known in the 
region [112-114], The 7 -ray energy spectrum obtained for 197Ir (Figure 5.22) is, 
however, strewn with lines that could be 7 -rays (especially below 200 keV). For 
this reason, the level scheme should be read only as a possible arrangement of 
the data available.
There are two further possibilities regarding the level scheme which ought not 
to be ignored. Firstly, on examination of the 7 -ray energies, it becomes apparent 
that 161.0 + 495.0 ^  378.8 + 278.5, implying two decay paths from an excited 
level. On comparison of the intensities, however, this scenario seems unlikely 
as the double decay path would probably have to be fed by the 567.1 keV line, 
which is not well populated enough to be consistent. Secondly, as the half-life 
measurements are given with large errors, it is possible that the 458.3 keV line is 
indeed in the same cascade as the other 7 -rays, which would suggest a higher lying 
isomer, at IV  =  y + [115] as shown in Figure 5.24(e), with Nilsson configuration 
y +[606] /  v ® | [505] 4, u <S> y  [505] t  ft- The PES calculation for this state 
is shown in Figure 5.26 to have parameter values: fa =  0.111, fa = —0.047 and
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Figure 5.25: Proposed level scheme for 197Ir. The states at |+ and y  were 
previously recorded by Petry et al. [111].
7  =  31°.
PES calculations (see Figure 5.24) indicate that (a) the ground state has 
deformation fa  — 0.115, /?4 =  —0.025 and 7  =  53.8°; (b) the K * — y  state 
of this nucleus has deformation fa  — 0.116, fa  =  —0.033 and 7  =  44.6°; (c) the 
K * =  f  state has fa  =  0.131, fa  =  -0.068 and 7  =  27.8°; and (d) the K * =  y + 
state has fa =  0.115, fa  =  —0.040 and 7  =  31.9°. However, the triaxiality implies 
that the blocked BCS calculations could be misleading.
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Figure 5.26: PES calculation for possible K *  =  y + state in 197Ir. The shape 
parameters given are: fa =  0.111, fa =  -0.047 and 7  =  31°.
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5.7 The odd-odd nucleus ^flr^i
A single transition was recorded in 198Ir (see Figure 5.27), constituting the first 
ever spectroscopic data recorded for this nucleus. A half-life of 76.9 ±  9.2 ns 
was achieved by fitting a Gaussian and an exponential curve to the background 
subtracted time spectrum (Figure 5.28 (a) and (b)).
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Figure 5.27: Gamma-ray energy spectrum for 198Ir, over the time region 138 — 624 
ns.
Hindrance factors strongly suggest that if the 7 -ray observed is depopulating 
an isomeric level, it is likely to have El multipolarity (Weisskopf estimate =  0.1 
ps, F w  ~  5 x 105) and this is supported by the lack of X-ray events (a K =  
0.224). Blocked BCS calculations (Figure 5.29(c)) indicate a lower energy state 
at K* =  9+, with Nilsson configuration y +[606] t  v  ® f +[402] t  77• The same 
set of calculations depict a higher isomeric state at K n =  10“ , with configuration 
f + [606] f  v<g> \ [523] t  77 • We therefore propose the 7 -ray observed at 116.4 keV 
is the direct transition between these two metastable states (see Figure 5.30).
Isomeric ratio calculations show that if the transition has El multipolarity, 
then 2 6 A t\ 'f  %  of nuclei formed are in the isomeric state, which according to ref.
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Figure 5.28: Half-life determination for the isomer in 198Ir. The half-life was 
deduced by fitting a Gaussian curve to the background spectrum of the 116.4 
keV peak (a) and taking the FWHM and centroid from this to fit a Gaussian 
with an exponential to the background subtracted spectrum (b). A value of 76.9 
±  9.2 ns was achieved by this method.
[70,95] is a viable result.
The lower, 9+ state shape, given by PES calculations (Figure 5.29(a)), de­
rived deformation parameter values of fa  =  0.108, fa  =  —0.044 and 7  =  30.5°, 
indicative of a 7 -soft, triaxial nucleus. The deformation of the 10“ isomeric state 
is given as fa  =  0.125, fa  =  —0.068 and 7  =  32.8°.
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Figure 5.29: PES and blocked BCS calculations for 198Ir. (a) shows the de­
formation of the 9+ state has fa  — 0.108, fa  =  —0.044 and 7  =  30.5°. The 
10“  isomeric state (b) is almost the same with fa  =  0.125, fa  =  —0.068 and 
7  =  32.8°. Lines of equipotential are shown at 240 keV intervals. Blocked BCS 
calculations, performed using s 2 =  0.102 and £4 =  0.037, G p =  24.5/A MeV 
and G n =  23.5/A MeV, in (c) show that the transition observed is likely to be 
between the K * =  10“  and the K *  =  9+ states. However, the triaxiality implies 
the blocked BCS calculations may be misleading.
9 +
1 0
Figure 5.30: Proposed level scheme for 198Ir. Spins and parities are postulated 
on the basis of blocked BCS calculations.
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5.8 The even-even nucleus 27gPtn2
The first reported study of the structure of 200Pt was a 198Pt(t,p) reaction un­
dertaken by Cizewski et al. in 1981 [110]. Yates et al. performed a similar 
experiment [81] 7 years later, with the detection emphasis on 7 -rays and internal 
conversion electrons. We have observed some of the decays recorded by Yates et 
al., and 2 more he and his co-workers did not observe (Figure 5.31).
Energy (keV)
Figure 5.31: Gamma-ray energy spectrum for 200Pt, over 0 — 182 ns. The 7 -rays 
at 542.5 and 708.5 keV are previously unreported.
The level scheme for 200Pt obtained by Yates et al. [81] has been extended
[116] to include a previously unreported isomer (see Figure 5.32). The T~ isomer 
was reported [81] to decay with a half-life of 14 ns. We propose this short-lived 
isomer survives the spectrometer flight time because the transition, with which 
it is depopulated, is of low energy (<  50 keV) and therefore highly converted.
This was the most highly populated isomer detected in the settings examined 
for this work, and 7  — 7  coincidence gating was possible (see Figure 5.33) [117]. 
There is strong evidence to suggest the 709, 633, 543, 470, 464, and 318 keV 
7 -rays are in coincidence. The 299 keV 7 -ray is only in coincidence with the 470
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Figure 5.32: Proposed level scheme for 200Pt. The spin/parity assignments made 
through this work are tentative and in brackets. The 7“  assignment is also shown 
in brackets as Yates et a l [81] consider it to be tentative. The ordering of the 
709 and 543 keV transitions is not determined.
keV transition, as described in [81] and shown in Figure 5.32. The 398 and 401 
keV transitions are too poorly populated to be seen in coincidence. The 318 keV 
transition is placed by Yates et a l [81] feeding into the 5_ , 1567 keV level, and 
the newly observed 543 and 709 keV transitions evidently are in cascade, though 
their relative ordering is not determined (see Figures 5.32 and 5.33). However, a 
781 keV transition placed by Yates et a l between the 1884 and 1103 keV levels is
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not observed in our work, and it remains a possibility that our 318 keV transition 
is different from that of Yates et al (note that Yates et al quoted this energy 
as 317.4 ±  0.4 keV).
The relative intensities of the 709, 543 and 633 keV gamma-ray decays over 
time have shown that the half-life of the upper isomer is slightly shorter than 
that of the lower (14 ns) isomer (refer to Figure 5.34), and this is proven by the 
actual half-life measurements (Figures 5.35 and 5.36). Two separate methods 
were undertaken to calculate the half-life of the lower, previously known isomer. 
The first is known as the centroid shift method. The background is projected onto 
the time axis (Figure 5.35(a)), and the centroid is deduced. This is then compared 
with the centroid of the projection of the background subtracted spectrum (Figure 
5.35(b)). The difference between the two centroids is the mean lifetime of the 
isomer, in this case, r =  17.1 ±  2.3 ns, corresponding to £1/2 =  11.9 ±  1.6 
ns. The second method involves fitting a Gaussian and an exponential curve 
to the background subtracted time spectrum (Figure 5.35(d)), once the FWHM 
and centroid have been established from a Gaussian fit on a suitable background 
spectrum (Figure 5.35(c)). In this case, £1/2 =  14.0 ±  0.6 ns was achieved, which 
agrees with the value of 14.3 =t 0.6 ns given in ref. [81]. Hence this second method 
was utilised for all nanosecond half-life measurements in this work. The upper 
isomer was found to have a half-life of 10.3 ±  2.4 ns (see Figure 5.36) and is also 
believed to decay by a low energy, highly converted transition.
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Figure 5.33: Gamma-gamma coincidence gating for 200Pt. The 299 keV 7-ray is 
only in coincidence with the 470, 401 and 398 keV peaks [81], although the latter 
two are too weakly populated to show in coincidence gates here. The previously 
unrecorded 7 -decays at 709 keV and 543 keV are clearly in coincidence with the 
633, 470, 464 and 318 keV transitions.
CHAPTER 5. ISOMER RESULTS AND DISCUSSION 110
Figure 5.34: Relative intensity measurements to examine the half-life of the upper 
isomer in 200Pt. The ratio of the total intensities of the 543 and 709 keV peaks 
to that of the 633 keV peak was compared over time. The ratio fell, implying 
the intensities of the 543 and 709 keV peaks decreased at a greater rate than the 
intensity of the 633 keV peak, indicating a shorter lifetime for the upper isomer.
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Figure 5.35: Half-life determination of 200Pt IV  =  7~ isomer. The centroid 
of the projection of the background spectrum (a) was compared to that of the 
background-subtracted spectrum (b) to give a value for the mean lifetime of 17.1 
±  2.3 ns, corresponding to a half-life of 11.9 ±  1.6 ns. The half-life was also 
deduced by fitting a Gaussian plus exponential curve to the projection of the 
background subtracted spectrum (d), once FWHM and the centroid had been 
established from the background spectrum (c). A value of 14.0 ±  0.6 ns was 
achieved by this method, which compares very well with the half-life of 14.3 ±  
0.6 ns, published by Yates et al. [81].
As the half-life of the 7~ isomer and the multipolarities of the low-lying transi­
tions are known from the literature for 200Pt, the isomeric ratio can be calculated 
with confidence. A value of 28 % was obtained, which is similar to that described 
by Pfiitzner et al. [70]. The ratio obtained for the upper isomer is 5.5 % assuming 
an E2 multipolarity for the 709 lceV transition.
Blocked BCS calculations were performed to aid the assignments of spin and 
parity. A 2 quasiproton configuration of |+ [402] /  <g>y~[505] f  1S suggested for 
the previously known IV  =  7~ state, and a 4 quasineutron |- [503] /  (S>§—[501] t  
® y + [606] t  G>|~[501] I  configuration is suggested for the ‘new’ IV  =  11“  state.
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Figure 5.36: Half-life determination of the upper isomer in 200Pt. The half-life 
was deduced by fitting a Gaussian plus exponential curve to the background 
subtracted spectra of the 7 -ray energies at 708.5 and 542.5 keV (b), once FWHM 
and the centroid had been established from the background spectrum (a). A 
value of 10.3 ±  2.4 ns was achieved by this method.
As 200Pt is so close to being a spherical nucleus, only the ground state PES 
could be calculated. Figure 5.37(a) shows the output from this calculation as fa =  
0.083, fa =  —0.027 and 7  =  60°, describing an oblate ground state. Therefore 
the blocked BCS calculations may be misleading.
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Figure 5.37: PES and blocked BCS calculations for 200Pt. (a) shows the ground 
state surface minimum is at fa — 0.083, fa =  —0.027 and 7  =  60°. The blocked 
BCS calculations (b) were performed using e2 =  0.078, £ 4  =  0.023, Gp =  24.5/A 
MeV and Gn =  23.5/A MeV. We suggest a 2 quasiproton |+[402] 4j.®y~[505] I  
configuration for the previously known K* =  7“  state, and a 4 quasineutron 
|~[503] I  ®|_ [501] t  ® y +[606] f  ®|_ [501] t  configuration for the ‘new’ K*  =  
1 1 “  state.
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5.9 The odd mass nucleus 27gPtn3
Facetti et al [118] laid claim to the discovery of the 201Pt isotope in 1962. Excited 
states were observed in this work for the first time, formed in the hydrogen-like 
charge state of the 191W setting. Like the isomers found in 195Os, 198Ir and 
200Pt, the isomer observed in 201 Pt is very short-lived. Owing to the similarity in 
the lifetimes of 200Pt and 201Pt, cross-contamination was inevitable, as they are 
collected as neighbours. Despite careful gating, the 201Pt spectrum (Figure 5.38) 
shows 7 -ray peaks at 463.6, 470.1 and 633.0 keV, which are contamination from 
the richly populated 200Pt. The statistics were too poor to make coincidence 
measurements possible and the large background inhibited the localisation of 
excitations below 200 keV.
Energy (keV)
Figure 5.38: Gamma-ray energy spectrum for 201 Pt, over 31 — 102 ns. Peaks at 
463.6, 470.1 and 633.0 keV are from the neighbouring 200Pt.
The half-life was measured to be 21.1 ±  3.2 ns (see Figure 5.39), indicating 
again, that the isomer is inhibited from decaying until the nucleus has travelled 
through the spectrometer and is implanted at the catcher. This implies a highly 
converted, low energy transition (<  50 keV) is depopulating the isomeric level.
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Figure 5.39: Half-life determination for the upper isomer in 201Pt. The half-life 
was deduced by fitting a Gaussian plus exponential curve to the background sub­
tracted time spectrum of the 727.2 keV 7 -ray (b), once FWHM and the centroid 
had been established from the background spectrum (a). A value of 21.1 ±  3.2 
ns was achieved by this method.
Blocked BCS calculations (Figure 5.40) suggest that, unlike 199Pt (which has a 
| ground state) [119], the ground state of 201Pt has IV  =  | with configuration 
|~[501] I  p . Odd mass platinum isotopes from this region all have an isomeric 
IV  =  y + state, which varies in half-life from 13.6 ns ( 199Pt) [119] to 4.33 days 
(193Pt) [120]. We propose that the isomer observed in 201Pt also has IV  =  y +, 
and blocked BCS calculations suggest it has y +[606] t  p configuration.
If the ordering of the transitions is analogous to that in 200Pt, then the 374 
and 727 keV transitions should have E2 character. The transitions fit neatly 
between the 2 levels (see Figure 5.41). It follows that the transition depopulating 
the isomer could have El (Weisskopf estimate == 2 ps, Fw ~  2 x 104) or Ml 
(Weisskopf estimate =  200 ps, Fw ~  103) multipolarity.
As for 200Pt, only ground state PES calculations were performed (see Figure 
5.40(a)). Values of fa =  0.015, fa =  0.002 and 7  =  —3.2° were obtained.
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Figure 5.40: PES and blocked BCS calculations for 201 Pt. (a) PES for the ground 
state shows that fa =  0.015, fa =  0.002 and 7  =  —3.2°. Equipotential contours 
are drawn at 350 keV intervals, (b) Blocked BCS calculations, performed using 
£ 2  =  0.014, £4 =  0.002, Gp =  24.5/A MeV and Gn =  23.5/A MeV, suggest a 
K n =  y +, 1 quasineutron state and a ~ ground state.
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Figure 5.41: Proposed partial level scheme for 201Pt. The ordering of the transi­
tions is analogous to that of the 470-633-464 keV cascade in 200Pt, implying the 
374 and 727 keV transitions are both E2. The y  level is given without a parity 
assignment, as either +  or - are possibilities.
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5.10 The even-even nucleus
Unlike its immediate neighbours, 202Pt was observed in the longer time counting 
range. Figure 5.42 shows the 7 -ray spectrum obtained. The half-life of the isomer 
was found to be 4 orders of magnitude greater than those measured for 200Pt and 
201Pt, with a value of 280i}sgCVs. The lower limit was deduced from x 2 analysis 
(see Figure 5.43), and the upper limit from isomeric ratio calculations. Note that 
if the maximum isomeric ratio is limited to 20 %, then the upper limit half-life 
is 400 ps.
80
70
60
w 50
rj
00 40
O
Z 30
20
10
0
0 200 400 600 800 1000
Energy (keV)
Figure 5.42: Gamma-ray energy spectrum for 202Pt, over 1 - 7 5  ps. The half-life 
was deduced to be 280£}88°/zs by summing the projections of the 534.8 and 718.8 
keV 7 -ray peaks and fitting an exponential curve.
PES calculations were performed to determine the deformation parameters 
of the ground state of the nucleus, to use in blocked BCS calculations. Values 
of fa — 0.017, fa — 0 and 7  =  —26.5° were given, indicating an almost spher­
ical shape. The program, however, was unable to interpolate the results into a 
diagrammatical form in this case.
A level sheme is proposed in Figure 5.44, the ground state having been
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Figure 5.43: \ 2 analysis of the half-life of the isomer in 202Pt. x 2 reaches a 
minimum at a half-life of 280 ps, corresponding to the fit in Figure 5.42. A lower 
limit of 92 ps is obtained from the Xmm +  1 method. An upper limit can be 
obtained from the isomeric ratio.
recorded by Shi et al. [121] in 1992 with a 204Hg(n,2pn)202Pt reaction. The 
2+ and 4+ levels are based on the systematics of even-even platinum isotopes of 
the mass region. The relatively large width and intensity of the 7 -ray at 534.8 
keV is suggestive of a doublet (refer to Figure 5.45 and Table 6.1). Blocked 
BCS calculations (Figure 5.46) suggest a K n =  7- , 2 quasi-proton level with 
Nilsson configuration |+ [402] J © I f - [505] t  as a likely candidate for the iso­
meric level, which is also our suggested configuration for the previously known 
K *  =  7~ isomer in 200Pt. Hindrance factors predict that if the 535 keV 7 -ray is 
directly depopulating this suggested isomeric level, as an E3 decay it would be 
if-forbidden (Weisskopf estimate =  40 ps, Fw ~  7).
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Figure 5.44: Proposed level scheme for 202Pt. The first two excited states are 
drawn from the systematics of even-even platinum nuclei of this mass region. 
The 7~ level is analogous to the previously known isomer in 200Pt, [81].
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Figure 5.45: FWHM analysis for platinum isomer 7 -rays, showing the FWHM of 
7 -ray transitions observed in platinum nuclei in this work. The 535 keV transition 
from 202Pt has the highest FWHM value.
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Figure 5.46: Blocked BCS calculations for 202Pt, demonstrating a K  
quasi-proton level with Nilsson configuration |+ [402] J <g>y- [505] +
77 =  7“ , 2
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5.11 The odd mass nucleus 27qAu124
Naim and Szalay [122] recorded the |+ ground state of 203 Au in 1979 by irradi­
ating natural thallium (203T1 and 205T1) with 14 MeV neutrons, seven years after 
Pakkanen et al. [123] had assigned the same spin and parity to the ground state 
of 201 Au. They also recorded a £1/2 =  3h, V  =  y ~  isomer at an energy of 637 
keV, to which we are not sensitive. The data obtained here for this nucleus are 
shown in Figure 5.47. A single 7 -ray transition was observed, although owing to 
the large background component, any excitations below 200 keV were impossible 
to determine. The half-life was found to be 39.0/ ^ 0 ps. The lower limit was 
deduced from x 2 calculations (see Figure 5.48), and the upper limit from the 
isomeric ratio (assuming the maximum isomeric ratio possible is 100 %). If the 
maximum possible value for isomeric ratio is taken to be 20 %, then the upper 
limit on the half-life is 1560 ps.
Blocked BCS calculations (Figure 5.49(b)) suggest a |+[402] 4- tt configuration 
for the |+ state and also determine a low energy 1 quasiproton |+ state with 
configuration |+[400] /  7r. If the observed transition is between these two states 
(see Figure 5.50), then the 563.3 keV transition would have M l multipolarity 
with Weisskopf estimate =  0.1 ps, Fw ~  3 xlO8. This hindrance factor seems 
too large [29] but despite analysis of the systematics [124-126], a more consistent 
interpretation has not yet been found.
PES calculations (Figure 5.49(a)) for the ground state give fa ~  0, indicating 
a spherical shape.
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Figure 5.47: Gamma-ray energy and time spectra (inset) for 203Au, over 5 — 74 
ps. The half-life is 39.0l 2i65° MS.
Figure 5.48: x 2 analysis of the half-life of the isomer in 203Au. The inset shows 
the x 2 minimum and a best-fit half-life of 39 ps. A lower limit of 17.5 ps is 
achieved at Xmin +  1- An upper limit cannot be derived from this method as the 
half-life tends to infinity at the Xmin +  1 value.
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Figure 5.49: PES and blocked BCS calculations for 203Au. (a) shows the ground 
state deformation parameters are fa =  0.002, fa =  0.002 And 7  =  5.5°. Equipo- 
tential contours are drawn at 450 keV intervals, (b) Blocked BCS calculations, 
performed using £ 2 — 0.002, £4 =  0.002, Gp =  24.5/A MeV and Gn =  23.5/A 
MeV, show the K * =  |+ ground state, a |+ quasiproton level and a K *  =  y ~  
isomeric level, which was previously recorded in ref. [12 2 ].
3 9  ( 1/ 2 + )
5 6 3  
3 / 2 J __________/
Figure 5.50: Proposed level scheme for 203Au. The K * =  |+ ground state is 
known from the literature [122]. The |+ state is tentatively assigned, and there­
fore given in brackets.
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5.12 Conclusion
A total of 13 isomers with half-lives in the range 10 ns —» 1 ms have been dis­
cussed, corresponding to 11 nuclei. Some of the metastable states were previously 
known, but in these cases level schemes have been extended to include previously 
unrecorded isomeric levels. For 9 of the nuclei included in this work, the re­
sults shown here are from the first ever spectroscopic data available for them. 
Gamma-ray spectra, isomeric ratios and half-life measurements made possible 
the tentative assignment of spin and parity to all excited levels, using the meth­
ods outlined.
C h a p t e r  6  
T h e  G l o b a l  P i c t u r e
6 .1  Summary of Results
Here we will discuss the impact of results obtained and inferences made on what 
is already known about the neutron-rich A ~  190 mass region. The ‘new’ iso­
mers provided, in most cases, the first ever spectroscopic data for the nucleus 
in question. The results are collated in Tables 6.1 and 6.2. Only one transition 
was observed in the de-excitation of microsecond isomers in each of the odd-odd 
nuclei: 188Ta, 192Re and 198Ir; and the odd-mass nuclei: 193Re and 203Au. Three 
or more transitions were observed in the de-excitation of each of the remainder 
nuclei: 190W, 1950s, 197Ir, 200Pt, 201Pt and 202Pt.
The shapes of the nuclei studied are examined in Section 6.2, which then 
leads on to the discussion of energy differences between states (from theory and 
experiment) in Section 6.3. Hindrance factors played an important role in the 
assignment of spins and parities to level schemes; in some cases, they reveal how 
good the K  quantum number is and are discussed in section 6.6. Shape changes 
across an isotopic chain are discussed in Section 6.8, with particular reference to 
the nanosecond isomers found in 195Os. We discuss the first spectroscopic data 
available for this nucleus, which is thought to lead to further insights into the 
shape transition region of the osmium nuclei. Spin values deduced and isomeric 
ratios calculated are discussed in Sections 6.6 and 6.5.
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The interpretations made with greatest certainty are those pertaining to the 
even-even nuclei in the data set: 190W, 200Pt (having the most intensely popu­
lated isomers for which 7  — 7  coincidences were statistically significant and for 
which part of the level scheme was already known [81]) and 202Pt. Structural 
information obtained for these 3 nuclei is explored with respect to the region of 
interest in section 6.7.
Table 6.1: Summary of results for the 191W and 184Lu settings (Z=73-76). E1 
denotes the energy of a transition; / 7 denotes the relative intensity of a given 
7 -ray transition (these are essentially the efficiency corrected peak areas, for 
each nucleus, in the time regions specified in Chapter 5); where available, X-ray 
energies and intensities are also given. I. R. is the isomeric ratio, given as a 
percentage. Wherever possible, upper and lower limits have been given for the 
isomeric ratio. Those isomeric ratios which have been used to infer an upper limit 
for half-life are shown in brackets and given with no errors (see Chapter 5). Half- 
lives quoted from the literature are given in brackets. The source setting(s) (S) 
and corresponding charge states (C.S) are given in each case (F: fully-stripped; 
H: hydrogen-like; He: helium-like).
N E f  keV) J7 I. R. (%) tl/2 S C. S.
188Ta 292.4 ±  0.2 957 ±  122 b.8183 10 “  isomer: 
3.1 ±  2.4 ps
191W 
184 Lu
F
F +  H
190W 58.5 ±  0.5
207.0 ±  0.3 
357.4 ±  0.3
484.0 ±  0.4 
593.6 ±  1.1
694.0 ±  0.7
603 ±  129 
273 ±  70 
241 ±  70 
211 ±  70 
214 ±  83 
157 ±  67
(2.7) 10 “  isomer: 
59^100
191W
l84Lu
F
H
192 Re 60.7 ±  0.2 
69.5 ±  0.4 
160.1 ±  0.2
5502 ±  454 
1544 ±  311 
5263 ±  397
9.5l£j° 9+ isomer: 
HStll°ps
191 w
184 Lu
F +  H 
H
193 Re 60.6 ±  0.2 
69.5 ±  0.3 
146.1 ±  0.3
9889 ±  578 
2467 ±  351 
1354 ±  260
(58.1) | isomer: 
290±|g0 /is
191W 
184Lu
F +  H 
H
195 Os 438.6 ±  0.2
493.0 ±  0.2
533.1 ±  0.2 
714.0 ±  0.3
3654 ±  528 
2664 ±  436 
3551 ±  568 
3644 ±  588
24.41S4 27— •y  isomer: 
25.8 ±  4.2 ns
191W F
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Table 6.2 : Summary of results for the 191W  and 184Lu settings (Z=77-80). See 
Table 6.1 for explanation.
N X7(keV) A I. R. (%) *1/2 S c .  s.
197Ir 161.0 ±  0.4 
278.5 dr 0.2 
378.8 ±  0.2 
458.3 ±  0.4
495.0 db 0.3
567.1 ±  0.3
609.1 ±  0.5
391 ±  139 
905 ±  172 
782 ±  171 
531 ±  161 
667 ±  171 
695 ±  169 
240 ±  120
2.0 ±  0.2 
1.0 ±  0.1
Y + isomer: 
30.4 ±  7.8 ps
| isomer: 
15.1 ±  9.2 ps
191W H
198 jr 116.4 ±  0.2 4813 dr 302 26.Ui'e 10“  isomer: 
76.9 ±  9.2 ns
191W H
200 pt 298.9 ±  0.2
318.4 ±  0.2
397.5 ±  0.2
401.0 ±  0.2
463.6 ±  0.2
470.1 ±  0.2
542.5 ±  0.2
633.0 ±  0.2
708.6 ±  0.2
834.0 ±  0.2
8509 ±  975 
15300 ±  1037 
5557 ±  811 
5584 ±  839 
70423 ±  1728 
78033 ±  1790 
10701 ±  837 
72230 ±  1874 
15463 ±  1080 
3398 ±  721
28.0 ±  3 
5.5 ±  0.6
7“  isomer:
14.0 db 0.6 ns 
(14.3 db 0.6 ns [81])
11“  isomer:
10.3 db 2.4 ns
19^ w H +  He
201Pt 354.1 ±  0.2 
374.4 ±  0.2
727.2 ±  0.2
9837 ±  599 
10339 ±  618 
9309 ±  696
63.5itJ:5 1 q + .Y  isomer: 
21.1 ±  3.2 ns
191 w H +  He
202p t 534.9 ±  0.2 
718.7 ±  0.2
2257 ±  292 
1228 ±  250
(19.2) 7~ isomer: 
280±ltg° /us
197 w H +  He
203 Au 563.3 ±  0.3 737 ±  168 (0.9) 1 + •~ isomer: 
39.0l™ 5° /us
191W He
206 Hg 1033.8 ±  0.2 
1068.1 ±  0.2
14387 db 859 
14741 ±  881
2.9 ±  0.3 5~ isomer:
2.2 dr 0.4 ps 
(2.1 ±  0.4 ps [82])
19 xw He
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6 .2  S h a p e s
Table 6.3 summarises the shape parameter values given by PES calculations for 
the ground state (or lowest state, where this is not known) of each nucleus.
The first four nuclei are axially symmetric and prolate deformed. Deforma­
tion decreases with increasing mass number as the 208Pb doubly closed shell is 
approached. Nuclei become triaxial at 1950s. The values given for 197Ir indicate 
the nucleus is almost oblate in the ground state. PES calculations are unreliable 
for 200Pt and the heavier nuclei, as their shapes are close to spherical. Figure 6.1 
summarises these results in pictorial form. 197Ir and 198Ir stand out as neighbour­
ing isotopes with different shapes, which may indicate a shape transition region 
for this odd-Z isotopic chain.
Table 6.3: Deformation parameters for each ‘ground state’ , given by PES cal­
culations. Where the ground state is not known, the lowest lying state from a 
proposed level scheme is used.
N fa fa 7
188Ta 0.190 -0.066 0°
190W 0.167 -0.066 0.1 °
192 Re 0.156 -0.067 o to o
198Re 0.136 -0,056 -1.4°
195 Os 0.125 -0.040 30.1°
197Ir 0.115 -0.025 53.8°
198J, 0.108 -0.044 30.5°
200p t 0.083 -0.027 60°
201Pt 0.015 0.002 -3.2°
202pt 0.017 0 -26.5°
203 Au 0.002 0.002 5.5°
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(Of1 Mis'll - A
Figure 6.1: PES calculations for ‘ground states’ of nuclei studied: axially sym­
metric nuclei are shown in red (prolate); triaxial nuclei in blue; oblate nuclei in 
green; and spherical nuclei in black.
$pCM 
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)
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6.3 Energy Differences
Two types of theoretical calculations were used to derive energy differences be­
tween level bandheads (i.e., blocked BCS and PES). Table 6.4 summarises these 
results, as well as what was deduced from the experimental data, once (tentative) 
level schemes had been drawn. Note that K  is used here simply as a convenient 
label. The limited validity of the K  quantum number is addressed in Section 6.6.
Table 6.4: Summary of energy results for the 191W and 184Lu settings. K f  and KJ 
are the spin and parity assignments of the isomeric level and the lowest level in the 
level scheme, respectively. A Eexp is the energy difference between the two levels, 
as assigned from the experimental data. A EBcs  and A Epes corresponds to the 
energy difference between the same two levels based on blocked BCS calculations 
and PES calculations, respectively.
N K ? K ] A E e x p  
(keV)
A Ebcs 
(keV)
A Epxs 
(keV)
188Ta 10 “ 8+ 342 ±  25 2 486
190W 10 “ 0+ 2436 ±  50 1723 1 1 1 0
192 Re 9+ 7“ 210 ±  25 40 748
193 Re 9“1
5 + 
2 146 58 0
195 Os 27~2 13 + 2 2229 db 25 1894 156225 +
9.
13 + 
2 2179 1908 1961
197Ir 29 + 2
3 + 
2 1996 1668 10607“
2
3 + 
2 659 ±  25 731 3352198jr 10 “ 9+ 116 243 1898
200Pt 1 1 “ 0+ 3186 ±  25 2849 -
7“ 0+ 1617 ±  25 1833 -
201Pt 13 + 
9
i -
2 1505 ±  25 1245 -202 p t 7“ 0+ 1789 2437 -
203 Au i  +...I
3 +
. 2 . 563 56 -
In Figure 6.2, mass, A is plotted versus the three different measures of A E. 
Only A EBcs  and A Eexp could be included after A =  200 because PES calcu­
lations fail to determine surface minima for isomeric levels in spherical nuclei. 
Theoretical calculations are expected to be more reliable for the axially symmet-
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lie nuclei (188 < A < 195). Results in Figure 6.2 show there is generally good 
correlation between the A E values in this region. 1950s is triaxial so PES and 
blocked BCS calculations are not expected to be reliable. It is interesting that 
this particular example shows remarkably good agreement. For 197Ir and 198Ir 
A E Bc s  and A Eexp values are consistent, but A E p e s  values are quite different 
(too high).
4000
186 188 190 192 194 196 198 200 202 204
Mass, A
Figure 6.2 : Mass plotted versus AEexp, A EBcs  and A Epes- Comparison of 
energy difference between ‘ground state’ and isomeric level, deduced from either 
experimental data or theoretical calculations. Where the ‘ground state’ is not 
known, it is taken to be the lowest level in the proposed level scheme for each 
case.
6.4 Spin
A method has been prescribed to predict achievable r.m.s. values of angular 
momentum in products of a fragmentation reaction [51] (as introduced in Chapter 
3). Figure 6.3 compares the isomeric spin attained in the experiment (or rather, 
deduced and tentatively assigned from both experimental data and theoretical
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calculations) to the r.m.s. values predicted by the method of de Jong et al. [51]. 
Where a nucleus displays more than one isomeric level, the highest J is plotted.
In most cases our J values from experiment are greater than the predicted 
r.m.s. value. Most of the points are based on tentative assignments, and there is 
not yet enough known to form a strong argument. However, it is interesting to 
note that in both cases where isomeric levels were previously known (i.e., the 7~ 
level in 200Pt and the 5“ isomer in 206Hg), the predicted r.m.s. value was ‘2 h less 
than what was achieved experimentally. It is notable that, where isomers exist 
in the sensitive half-life range, they typically have spin values equal to or greater 
than the predicted r.m.s. value. However, their isomeric ratios range from one 
percent to tens of percent, as discussed in the next section.
Mass, A
Figure 6.3: Mass, A  plotted versus both predicted r.m.s. value [51] and exper­
imentally deduced maximum values of spin, J. Note that the predicted r.m.s. 
spin depends approximately linearly on the number of nucleons removed from 
the 208Pb beam.
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6.5 Isomeric Ratio
The isomer ratio is defined as the probability of populating the isomeric state in 
a given nucleus (refer to Chapter 3). Pfiitzner et al. [70] have studied isomeric 
ratios (produced by projectile fragmentation) for a range of known isomers. In 
order to calculate the isomeric ratio accurately, the level scheme should be known. 
The extension of this data set into largely unknown territory, and the limitations 
set by the nature of the data, make any spin or parity assignments tentative.
Figure 6.4 shows the mass, A  of nuclides, plotted versus the isomeric ratio, 
indicating the highest isomeric ratios were achieved for nuclei 193 <  A  <  201. 
Whereas one might expect the highest isomeric ratio to be attained by nuclei 
that are isomeric at low spin, comparison with Figure 6.3 shows that in fact some 
of the highest isomeric ratios were calculated for nuclei that achieved the highest 
spins. Figure 6.5 demonstrates this more clearly, by showing the spin plotted 
against the isomeric ratio. It is difficult to draw any conclusions from this figure, 
although it is interesting to note that two of the lowest cases of isomeric ratio 
were calculated for the two isomers produced at lowest (tentative) spin.
Only the lower lying isomer in 200 Pt provides previously known multipolarities 
and levels. The isomeric ratio calculated (28 ±  3 %) agrees well with the value 
of 30 ±  5 % in ref. [70] and can be compared with the value of 35.5 %, predicted 
by the sharp cut-off model [70]. The isomeric ratio calculated for 190W  (~  3 
%) does not provide an optimistic result on which to base further experiments. 
However, the half-life is poorly determined, and a considerably larger isomeric 
ratio is compatible with a millisecond half-life. Although isomeric ratios have 
been calculated for each of the ‘new’ isomers, their usefulness is usually solely 
with respect to checking the spin assignments made and the half-life upper limits 
(see Chapter 5). No conclusions relating to the reaction itself can be drawn from 
the data presented here. Nevertheless, it is evident that high-spin isomers can be 
strongly populated.
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Mass, A
Figure 6.4: Mass, A  plotted versus isomeric ratio. The highest isomeric ratio 
values were found for nuclei 193 <  A  <  201.
CC
<0
Spin, J
Figure 6.5: Spin, J, plotted versus isomeric ratio. The lowest spin isomers do 
not appear to have been populated with the highest isomeric ratio.
The experimental evaluation of the isomeric ratio can be independent of the 
spin and parity assignment of the transition depopulating the isomer only if the 
transition is of high enough energy for the internal conversion coefficient to be
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considered negligible. Only three such examples are present in this work: the 
y + isomer in 1950s; the 7“  isomer in 202Pt and the |+ isomer in 203Au. As the 
assignments in all cases of ‘new’ isomers in this data set are tentative, only the 
isomeric ratios of these 3 examples warrant commentary. The values obtained 
for 1950s (24 %) and 202Pt (19 %) are within expectations according to ref. [70]. 
The latter may have been expected to have a greater isomeric ratio than the 
former, as the level has less spin (7~ compared to y +), but within errors the two 
figures are very close. Although no attempt is made to explain the isomeric ratio 
calculated for the isomer in 203Au (~  1 %), it is worth noting that the 564 keV 
transition observed is poorly populated amongst a large background component 
(refer to Figure 5.47).
6 .6  Hindrance Factors
In well-deformed prolate nuclei, the partial conservation of K  gives rise to the 
retardation of decays involving large changes in K . The characteristic structure 
of these nuclei is determined by collective and intrinsic states, which compete 
in generating angular momentum. Some of the longest lived states are found 
in the more prolate deformed nuclei of the hafnium isotopic chain e.g., in 178Hf 
[?] with a half-life of 31 years [?]). The longest lived is a K *  =  9“  isomer in 
180Ta, with a half-life greater than 1015 years [10]. Although our experiment was 
not sensitive to any isomers with half-lives greater than 1 ms, the IC-inhibition 
phenomenon might be illustrated by the microsecond isomers found in this data 
set in 188Ta, 190W, 192Re, 193Re and 197Ir, although these are by no means extreme 
examples. However, as the Z =  82 closed shell is approached from the A ~  180 
well deformed region, nuclear shapes become very soft [127], implying the co­
existence of various shapes for any given nucleus. The A ~  190 region has very 
7 -soft nuclei [128,129]. It is here that the K  quantum number is expected to 
break down, leading to shorter half-lives. This we are able to demonstrate with 
results for previously unrecorded nanosecond isomers in 1950s, 198Ir, 200Pt and
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201Pt.
Table 6.5: Summary of results for the 191W  and 184Lu settings (Z=73-79), hin­
drance factors. K f  and KJ are used to denote the assigned spin and parity of 
the isomeric level and the level to which it decays, respectively. X 7 denotes the 
7 -ray energy of the transition directly depopulating the isomeric level; t y 2 is the 
half-life of the isomer, t jj2 is the half-life of the isomer when in-flight (calculated 
with the conversion coefficient, a, evaluated, where appropriate, at the upper 
limit X7); Fw is the hindrance factor; v is the degree of forbiddenness; and f u is 
the hindrance per degree of AT-forbiddenness.
N IVi K j X7, M *1/2 a 1^/2 Fw V fu
188Ta 10“ 8+ <  50, E l 3 ps 0.561 5 ps 3 x 106 1 3 x 106
190 10" 0+ <  100, E l 59 ps 0.391 82 ps 4 x 108 9 9
192 Re 9+ 7“ <  50, E l 118 ps 0.575 186 ps 9 x 108 1 9 x 108
193Re 9“2
5 + 
2 146, M2 290 ps 11.3 4 ms 300 0 -
195 Os 27“2
25 + 
2 <  50, El 26 ns 0.582 41 ns 2 x 104 0 -25 + 
2
13 + 
2 714, E l 26 ns 0.0035 26 ns 5 x 107 5 35
197Ir 29 + 2
11“
2 161, E l 30 ps 0.125 34 ps 7 x 108 8 137“
2
3 + 
2 <  50, E l 15 ps 0.590 24 ps 1 x 107 1 1 x 107198jr 10“ 9+ 116, E l 77 ns 0.276 98 ns 5 x 105 0 -
200p t 7“ 0+ < 50, E2 14 ns 7388 103 ps 4 5 1
i r - 0+ < 50, E l 10 ns 0.601 16 ns 1 x 104 10 3
201Pt 13 + 2
1 -
2 <  50, M l 
or El
21 ns 9.960
0.601
230 ns 
336 ns
1 x 103
2 x 104
5 4
7
202p t 7- 0+ 535, E3 280 ps 0.057 296 ps 7 4 2
203 Au
+r-l|CN 3 + _2 563, M l 39 ps 0.062 41 ps 3 x 108 0 -
The first three nuclei in the table are all thought to have isomers that decay 
by E l transitions. Note that even ‘allowed’ E l transitions are highly hindered 
[29,30]. The fact that 190W  is 9-fold X-forbidden whereas its neighbours 188Ta 
and 192Re are only 1-fold iY-forbidden, does not seem to have much effect on the 
hindrance factors deduced, implying K  is not a good quantum number (which is 
reflected in the small f u =  9 value). Similarly, the y + isomer in 197Ir is 8-fold 
JY-forbidden and yet its hindrance factor is of the same order of magnitude as 
that for the 1-fold TC-forbidden nuclei. If K  is not a good quantum number for
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the deformed nucleus 190W, then it follows that it completely breaks down in the 
nuclei approaching sphericity, e.g., 200Pt and 201Pt, which both have isomers with 
~  10 ns half-lives. 202Pt is also almost spherical and yet the half-life of its isomer 
is of the order of hundreds of microseconds. We interpret this as being because it 
is depopulated by an E3 transition which, although 4-fold iT-forbidden, is little 
hindered.
6.7 Collective Behaviour in Even-Even Nuclei
Nuclear collective properties of even-even nuclei, such as the energy of the first 
2+ state, E (2+), and the energy ratio E(4+)/E(2+), show smooth behaviour 
when plotted against the product NpNn of the number of valence neutrons (Nn) 
and protons (Np) [130,131]. Sub-shell closures, however, sometimes cause subtle 
effects, which throw some ambiguity onto the counting procedure of the valence 
nucleons [132]. Spins and parities assigned to previously unreported levels in 
i90W , 200Pt and 202Pt are credible, if simple systematics of even-even nuclei of 
the region are taken into account. Figures 6.6 and 6.7 demonstrate that the 
values derived from the data for the even-even nuclei studied in this work (i.e., 
190W, 200Pt and 202Pt) fit in with the systematic behaviour. More specifically, 
Figure 6.6 shows that the 3 isotopes follow the trend of decreasing E {2+) with 
increasing NpNn (indicating that the nuclides become more deformed away from 
the closed shells).
In Chapter 2 we commented that the E (4+)/E(2+) ratio provides structural 
information about a nucleus: a vibrator has a value of 2, whereas a rotor has 
a value of 3.33. Figure 6.7 shows that the E(4+)/E(2+) values for 190W, 200Pt 
and 202 Pt follow the trend away from a rotor towards a vibrator, as the closed 
shell is approached and nuclei become more spherical. 190W  is in the transition 
region between spherical and well-deformed nuclei, where there is prolate-oblate 
instability, which makes this transition region of particular interest; and it was 
hoped that results obtained in this work might shed some light on the supposed
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Figure 6 .6 : E (2+) plotted versus NpNn for the Hf-W-Os-Pt (A  ~  190, 94 <  N <  
124) region. 190W, 200Pt, and 202Pt follow systematic trends.
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Figure 6.7: E (4+)/E(2+) plotted versus NpNn for the Hf-W-Os-Pt, A  ~  190, 
94 < N  <  124 region. 190W, 200Pt and 202Pt fit the sytematics well.
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Z  =  76 sub-shell closure in the rare-earth region [132]. This becomes apparent 
in Figure 6.8 (left) (from [133]), which shows the E(4+)/E(2+) ratio plotted 
against proton number for nuclides ytterbium (Z  =  70) to platinum (Z  =  78), 
for 108 <  N  <  120. At low Z , high N , no spectroscopic data are known, so 
the figure is incomplete. A clear bifurcation, however, is evident at 190W, where 
E (4+)/E(2+) was expected to have a value ^  3, but instead is close to 2.7. 
Figure 6.8 (right) demonstrates that in the A  =  150 region, a similar drop in the 
E (4+)/E(2+) ratio is observed at the Z =  64 shell sub-closure, around N  =  90, 
where the ratio starts to decrease at Z =  66 [130,134,135]. Mach predicts a 
sub-shell closure at Z  =  76 [132]. However, we propose that the drop in the 
E (4+)/E(2+) ratio shown for 190W  here is a possible indication of the approach 
of a sub-shell closure at Z  <  74.
3.4
3.2
3.2
3.0
a- a N=118 
N=120
Yb Hf W Os Pt
in 2.6
2.8 
SL 2.6
UJ
S  2.4
UJ
Figure 6 .8: Comparison of E(4+)/E(2+) systematics of region around 190W  (left) 
and those approaching the Z  =  64 closed shell (right). Results are indicative 
of the approach of a Z  < 7 4  sub-shell closure, as the bifurcation at 190W  is 
comparable to the results given by 1g|Dy88, approaching the Z  =  64 sub-shell 
closure (right) [134,135].
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6 .8  The Prolate-Oblate Phase Transition
Between closed shells, isotopes of a given element will gradually vary in shape, 
favouring prolate-deformed minima before reaching a phase transition region in 
which the trend changes to an oblate structure [136]. Deformation then de­
creases on reaching the closed shell. The equilibrium nuclear shape changes 
dramatically in the W-Os-Pt region: even-even isotopes of these elements show 
a change from prolate deformed rotational structure to quasi-vibrational axially 
asymmetric structure. Neighbouring even-even nuclei can differ a lot and it is un­
certain what shape the intermediate odd nucleus will have. This region has been 
discussed previously [?, 136,137] and our results provide significant additional 
information.
In a prolate-oblate phase transition, nuclei can be described in terms of a po­
tential with roughly equal prolate and oblate minima. Wheldon et al. [98] predict 
that the ground state deformation o f 194Os has a dominant prolate minimum, al­
though 196Os is thought to have oblate structure, indicating 195Os is therefore the 
pivotal nucleus of this transition region. Our PES calculations predict this nu­
cleus to be completely triaxial (7 =  30.1°), thus providing the mid-point between 
the 1940 s and 1960 s prolate and oblate shapes.
The osmium isotopes differ from the platinum isotopes in how rapidly the 
shape change occurs. The variation in the platinum isotopic chain is much more 
gradual, beginning at 192Pt and continuing through 198Pt [136].
Figure 6.9 illustrates A versus E(4+)/E(2+) for the Hf-W-Os-Pt region. Val­
ues for the platinum isotopic chain are relatively constant, changing only very 
gradually from a triaxial rotor to a vibrator. The osmium chain, on the other 
hand, is shown to vary much more rapidly, this time from a deformed rotor at 
1860s to a triaxial rotor at 1940s. The sharp decrease in E(4+)/E(2+) for the 
tungsten isotopie chain indicates an even more rapid shape change. 190W has 
been calculated to have a prolate minimum (7 =  0.1 °), whereas 192W is predicted
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A
Figure 6.9: Trends in E (4+)/E(2+) for Hf-W-Os-Pt in the A  ~  190 region. The 
value obtained for 190W shows a sharp decrease.
to have competing oblate and prolate minima [98] and 194W  is expected to reveal 
a well-defined oblate shape [98].
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6.9 Future Work
It is intended that the data set analysed here provide the first step in the study 
of these ‘new’ isomers. The most valuable experimental aspect of this work is 
its provision of nuclide identification, correlated in each case with at least one 
7 -ray transition, for which a half-life is measured, serving as a guide for future 
experiments in this region. In-beam deep-inelastic experiments that make use 
of 7 -ray energy ‘tags’ to identify nuclei can now be performed in order to build 
level schemes with greater confidence than can be provided here. Our task was to 
populate and identify isomers in unknown territory, and this we can confidently 
say we have managed to do. Further experiments are needed if these isomers are 
to be studied in greater depth.
C h a p t e r  7
S u m m a r y
Nanosecond and microsecond isomers have been populated in the neutron-rich 
A ~  190 region using a projectile fragmentation reaction at the FRS. A 208Pb 
beam impinged on a stable beryllium target at 1 GeV/u. Fragments passed 
through the spectrometer where their mass and charge was identified before be­
ing implanted at the final focus, where delayed events were recorded by germa­
nium detectors. Nuclide identification was made possible by the observation of 
previously known isomeric states in 176Hf, 182W, 184W, 200Pt and 206Hg, which 
also afforded checks of the energy and time calibration. Previously unobserved 
metastable states were recorded in 188Ta, 190W, 192Re, 193Re, 1950s, 197Ir, 198Ir, 
200Pt, 201Pt, 202Pt and 203Au, and their half-lives measured. 200Pt presented the 
first new seniority 4 state, proved by 7  — 7  coincidences following a fragmenta­
tion reaction. Blocked BCS calculations in conjunction with PES calculations, 
have been used, together with relative intensities and hindrance factors, to build 
tentative level schemes for the 7 -rays observed, assigning spins and parities to all 
levels. Nilsson configurations have also been assigned.
• Shapes of the ground states of nuclides with previously unreported isomers 
have been calculated and compared. The region studied shows how the 
shapes of nuclei change from axially symmetric prolate-deformed, through 
triaxial, to spherical, as the doubly closed shell, 208Pb is approached.
144
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• Two different methods were used to calculate the energy difference between 
an isomeric level and the lowest state in a given nucleus, and to compare 
with the experimental estimate. The results showed reasonably good agree­
ment for the axially symmetric nuclei, but poorer correlation for the triaxial 
nuclei. This highlighted the limitations of PES and blocked BCS calcula­
tions for nuclei of this type.
• Spins attained by new isomers were compared with a theoretical model. 
The maximum spin deduced experimentally was usually greater than the 
r.m.s. value calculated.
• Isomeric ratios were calculated for all previously unreported isomers in this 
work. Values varied from 1 % to 64 % and sometimes served to provide 
upper limits for half-lives. A value of 28 % was recorded for the known 
isomer in 200Pt. Isomeric ratios were compared as a function of mass and 
spin. Isomers populated at the highest spin did not have the lowest isomeric 
ratios. The highest isomeric ratio values were found for nuclei 193 < A <  
201.
• Hindrance factors were compared for the new isomers recorded. Evidence 
for the erosion of the goodness of the A-quantum number is provided by 
the nanosecond isomers observed in the nuclei approaching sphericity. K  
was also found not to be a good quantum number for the more deformed 
nuclei in the set, and this was interpreted as being due to the 7 -softness of 
the nuclei in the region.
• Collectivity was explored for the isomers in even-even nuclei (190W, 200Pt 
and 202Pt) by comparing the variation of NpNn with E (2+) and E(4A)/E(2+) 
for nuclides in the region. The data point provided by the isomer in 190W 
in a Z  versus A(4+)/A (2 +) graph, revealed evidence for a sub-shell closure 
around Z <  74, similar to that at Z =  64.
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• The prolate-oblate transition region was investigated, with respect to the 
platinum, osmium and tungsten isotopic chains. Results obtained from the 
platinum nuclei reveal a gradual trend from triaxial rotor towards vibra­
tor, whereas the data point provided by the 190W isomer indicates a sharp 
change from deformed rotor to triaxial rotor. 195Os is thought to be the piv­
otal nucleus in the prolate-oblate transition region for the osmium isotopic 
chain. Calculations reveal its ground state is likely to be triaxial.
• New isotopes: 167Tb, 170Dy and 199Ir have been recorded, as has tentative 
evidence for two other new isotopes: 197Os and 200Ir. Candidates for new 
isomers in 174Er, 175Er, 185Hf, 191Re, 194Re and 199Ir have also been noted 
(see Appendix).
We conclude that projectile fragmentation is a powerful method by which to 
reach the heavy, neutron-rich side of the nuclear chart. Results are summarised 
in Figure 7.1. Further experiments are required to facilitate the ordering of the 7 - 
ray transitions observed, and to extend the level schemes, with a view to gaining 
greater insight into this largely unexplored region.
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Figure 7.1: Summary of the results. All coloured squares denote nuclides observed 
in this work.
A p p e n d i x  A  
I s o m e r  C a n d i d a t e s
What follows is a series of 7-ray spectra obtained from various settings in this 
work, which although poorly populated, are candidate examples of isomeric decay. 
The 7 -ray energies are given to the nearest unit of keV.
A .l  The even-even nucleus 1g|Erio6
The 7-ray energy spectrum is shown in Figure A .l. There appears to be four 
7 -ray decays in this spectrum, which would imply a rotational cascade, typical 
of an even-even nucleus. However, the labelled tentative 7-lines are too weak to 
give their validity sufficient credence to warrant a full analysis. Only the ground 
state is previously reported [143].
Counts were recorded at the erbium X-ray energy (49 keV), although it is not 
clear if these are due to actual X-ray events or the background.
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Figure A .l: Gamma-ray energy spectrum for 174Er, from the fully-stripped charge 
state of the 170Dy setting, over 0-75 ns, on the TDC.
A . 2  The odd-mass nucleus T|Er107
Figure A. 2 shows a tentative 7 -ray spectrum for 175Er. Only the ground state is 
known, having been recorded by Zhang et al. in 1996 [144]. Again, counts were
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Figure A.2: Gamma-ray energy spectrum for 175Er, from the fully-stripped charge 
state of the 170Dy setting, over 40-230 ns.
observed at 49 keV, the X-ray energy of erbium.
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A.3 The odd-mass nucleus ^ H fm
Figure A.3 shows a tentative 7 -ray energy spectrum for 185Hf. No spectroscopic 
data is known, although the ground state is recorded in ref. [?].
Energy (keV)
Figure A.3: Gamma-ray energy spectrum for 185Hf, sourced from the fully- 
stripped charge state of the 184Lu setting. Time cut is 40-380 ns on the TDC.
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A .4 The odd-mass nucleus 175Rene
Figure A.4 shows a tentative 7 -ray spectrum for 191 Re. The X-rays at 61 keV and 
69 keV confirm the nucleus is rhenium. It is possible that the transition observed 
at 226 keV is from the 227 keV energy level shown in ref. [145], although none 
of the other tentative transitions can be linked to the literature. There is little 
confidence in the validity of the finer, less populated 7 -ray peaks.
Energy (keV)
Figure A.4: Gamma-ray energy spectrum for 191 Re, from the fully stripped charge 
state of the 191W  setting. The time slice was over 1-77 ^s.
Two different time slices were taken to examine the half-life of this nucleus 
(Figure A.5). The intensity of peaks approximately halved from one time region 
to another, indicating a half-life of the order of 40 ps.
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Figure A .5: Gamma-ray energy spectra over two time ranges for 191Re. The 
upper cut is over 1-39 ps. The intensity of the peaks is approximately halved in 
the lower cut (39-77 ps) , suggesting a half-life of the order of 40 ps.
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A .5 The odd-odd nucleus 1y|Reu9
Figure A .6 shows a tentative 7 -ray spectrum for 194Re. No excited levels are 
previously known in this nucleus.
Energy (keV)
Figure A .6 : Gamma-ray energy spectrum for 194Re, from the fully stripped charge 
state of the 191W  setting. The time slice was over 1-76 ps.
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A . 6  The odd-mass nucleus
No spectroscopic data is known in 199Ir, although the ground state is reported 
in ref. [119]. A 7 -ray spectrum, depicting possible isomeric decays is shown in 
Figure A.7.
Energy (keV)
Figure A.7: Gamma-ray energy spectrum for 199Ir, from the helium-like charge- 
state of the 19iW setting. The time-range is over 80-390 ns.
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